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Oceanic barium can provide multiple insights into the marine environment, an important facet 
of the climate system. Dissolved barium is removed from near-surface seawater in association with 
biological productivity and is returned at depth via remineralisation and barite dissolution, imparting a 
nutrient-like profile similar to that of carbonate alkalinity and silica. Due to the similarity in their 
distributions, seawater barium and alkalinity display a positive linear relationship globally and different 
water masses have distinct barium-alkalinity compositions. Benthic foraminiferal Ba/Ca ratios can thus 
be used as a proxy for past ocean circulation and alkalinity, but this may be complicated by additional 
environmental influences, particularly in non-pelagic settings. In addition, a specific barium partition 
coefficient may be required for each individual species. Glacial-interglacial changes have been 
successfully measured using benthic Ba/Ca ratios but many possible applications have yet to be 
explored to the same extent, such as comparisons between interglacial periods. Barium isotope ratios 
(δ138Ba) can also be used to enhance our understanding of the marine environment, but because this is 
a relatively new technique there is still much to be learned regarding the oceanic distribution of barium 
isotopes and the relationship between seawater and foraminifer δ138Ba is not yet known. An essential 
prerequisite to measuring either Ba/Ca or δ138Ba ratios in foraminifera is the removal of particulate 
barite from their inner and outer surfaces. Although a cleaning technique has been established, this has 
sometimes increased foraminiferal Ba/Ca ratios, perhaps due to the preferential dissolution of low-
barium calcium carbonate. During this project these topics were investigated using sediment cores from 
the southeast and southwest Atlantic Ocean dated to the Holocene and Marine Isotope Stage 5e (MIS 
5e, part of the last interglacial period), as well as seawater and foraminifer samples of modern age from 
the tropical North Atlantic. Ba/Ca ratios in a continental shelf sediment core remain approximately 
constant despite apparent fluctuations in primary productivity, suggesting that the Ba/Ca proxy can 
reliably be used as a proxy for ocean circulation even in relatively shallow and productive regions. The 
effect of dissolution on Ba/Ca could not be assessed due to the absence of dissolution effects in this 
sediment core. New barium partition coefficients are presented for the benthic foraminifer species 
Melonis barleeanus, Oridorsalis umbonatus and Uvigerina peregrina. These are offset from one 
another, highlighting the potential importance of using species-specific partition coefficients. In other 
sediment cores from the southwest Atlantic, MIS 5e Ba/Ca ratios are on average significantly higher 
than those of the Holocene. This may be due to a ‘stagnation event’ in Antarctic Bottom Water (AABW) 
formation during MIS 5e which led to a build-up of dissolved barium in AABW. In samples from the 
tropical North Atlantic Ocean, seawater δ138Ba appears to be controlled by conservative mixing at 
depths below ~500 m, with additional non-conservative controls in the upper ~500 m. δ138Ba ratios in 
the planktic foraminifer Orbulina universa are consistently isotopically lighter than seawater, but the 
magnitude of this offset is variable. This variability may be due to morphotype-specific vital effects on 
δ138Ba ratios. Although cleaning tests provide indirect evidence for barite removal, the impact of 
cleaning on Ba/Ca ratios remains variable and the cause of this variability remains an open question. 
Collectively, the findings presented here have implications for the uses of Ba/Ca and δ138Ba ratios as 
palaeoceanographic proxies, as well as for the possible mechanisms of climatic variability in MIS 5e 
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1.1 Barium and the climate system 
A detailed understanding of Earth’s climate system is essential for predicting the consequences 
of anthropogenic perturbations to the atmosphere. Due to the complexity of the climate system, this 
requires the study of many different Earth system components and the linkages between them, as well 
as how these may change through time. The ongoing collection of data relating to both the past and the 
present as well as the incorporation of these findings into climate models will continue to enhance our 
understanding. These efforts will in turn inform more accurate predictions, providing the means to both 
mitigate and adapt to future changes. 
The oceans are of great importance to the climate system. This is partly due to their ability to 
rapidly equilibrate with the atmosphere and to transport these properties around the globe on relatively 
short timescales, in addition to their large volume which enables them to do this on a significant scale. 
For example, ocean circulation in the Atlantic Ocean and Southern Ocean forms a system of carbon 
dioxide storage-and-release which has been invoked to explain glacial-interglacial changes in 
atmospheric carbon dioxide concentrations (e.g. Sigman & Boyle 2000; Sigman et al. 2010). Many 
techniques have been developed which reveal past ocean conditions by using the predicted relationships 
between different measurements. One such approach is to use foraminiferal Ba/Ca as a proxy for past 
ocean circulation and alkalinity based upon the links between foraminiferal Ba/Ca, seawater dissolved 
barium concentrations and seawater alkalinity in the modern oceans. Barium has a nutrient-like profile 
in seawater (Figure 1.1) due to its uptake from near-surface waters via barite (BaSO4) precipitation in 
association with organic matter remineralisation and the subsequent dissolution of this barite with depth 
(e.g. Dehairs et al. 1980; Bishop 1988; Horner et al. 2015; Cao et al. 2016). Although some barium is 
also removed by uptake into organic matter, calcium carbonate shells, acantharian celestite and 
adsorption to diatom frustules, mass balance calculations have shown that these are minor effects in 
comparison to barite cycling (Lea 1993; Horner et al. 2015). Barium is present in trace amounts in 
seawater, with an average concentration of approximately 100 nmol/kg (Broecker & Peng 1982; 
Elderfield & Schultz 1996). Riverine fluxes and hydrothermal vents provide the oceans with dissolved 
barium and it is lost from the oceanic reservoir via sedimentary burial. There is considerable uncertainty 
in the estimation of riverine and hydrothermal barium fluxes, largely due to desorption processes within 
rivers which add additional barium to seawater (Lea 1990) and particle scavenging in hydrothermal 
vent plumes which can render these a sink, rather than a source, of dissolved barium (Elderfield & 
Schultz, 1996). Consequently, the calculation of an oceanic residence time (τres) for barium has yielded 
inconsistent results, with estimates ranging from 8.8 x 103 years (Broecker & Peng 1982) and 
approximately 1 x 104 years (Chan et al. 1976) to 8.4 x 104 years (Goldberg 1963). A simple box model 
calculation shows that the range in riverine and hydrothermal flux estimates reported in the literature 
can even result in a residence time of up to 5 x 105 years (Figure 1.2). 
Despite these uncertainties, barium is incorporated into the calcium carbonate shells of 




reconstruct seawater barium concentrations (Lea & Boyle 1989; Lea & Spero 1992; Lea & Spero 1994; 
Havach et al. 2001; Hönisch et al. 2011). Because different water masses have contrasting barium 
concentrations, these estimates can be used to infer changes in ocean circulation through the past (Hall 
& Chan 2004b; Lea & Boyle 1990a; Lea & Boyle 1990b; Lea 1990; Lea 1993; Lea 1995). Furthermore, 
due to the covariation of barium and alkalinity in seawater (e.g. Figure 1.1), Ba/Ca ratios can also be 
used to estimate seawater alkalinity (e.g. Lea 1993). Seawater alkalinity is dominantly controlled by the 
amount of carbonate (CO32–), bicarbonate (HCO3–) and borate (B(OH)4–) ions in seawater (Chester & 
Jickells 2012). Because carbonate and bicarbonate ion concentrations are affected by ocean-atmosphere 
carbon dioxide exchange, estimates of seawater alkalinity can reveal how the oceans redistributed 
carbon in the past. Relatively recently, another barium-based technique for studying the oceans has been 
developed: barium isotope ratios (δ138Ba) (Horner et al. 2015; Cao et al. 2016). These may be partially 
controlled by both conservative mixing and non-conservative processes such as primary productivity 
and barite precipitation (Horner et al. 2015; Cao et al. 2016). Once the oceanic distribution of δ138Ba is 
defined in greater detail, and if foraminiferal δ138Ba can be used to infer that of seawater, foraminiferal 
δ138Ba could become a new proxy for ocean circulation and primary productivity, both of which are 




Figure 1.1. Seawater profiles of dissolved barium concentration and alkalinity for a site in the southwest 
Indian Ocean (Jeandel et al. 1996) demonstrating the similarity between the oceanic distributions of 



























Figure 1.2. Box model for dissolved barium in seawater. All values are to one significant figure. ‘V’, 
‘C’ and ‘F’ indicate volume, concentration and flux, respectively. τres = residence time. a) Elderfield & 











Input: Riverine Flux 
Vriver x Criver = Friver 
 
Vriver = 3 x 1013 kg/year a 
Criver = 4 x 10-7 mol/kg b 
Friver = 1 x 107 mol/year b 
Criver = 3 x 10-4 mol/kg a 
Friver = 1 x 1010 mol/year a 
Input: Hydrothermal Flux 
Vhydrothermal x Chydrothermal = Fhydrothermal 
 
Vhydrothermal = 3 x 1013 kg/year a 
Chydrothermal = 8 x 10-6 – 4 x 10-5 mol/kg a 
Fhydrothermal = 2 x 108 – 1 x 109 mol/year a 
Reservoir: Oceans 
τres = Oceanic Inventory / (Friver + Fhydrothermal) 
 
Average ocean concentration = 1 x 10-7 mol/kg a; b 
Mass of oceans = 1 x 1021 kg 
Total inventory = 1 x 1014 mol 
Friver + Fhydrothermal = 2 x 108 – 1 x 1010 mol/year 
τres = 9 x 103 – 5 x 105 years 
Output: Sedimentary Burial 




1.2 Motivations for further study 
However, there are potential caveats associated with each of these techniques. Because the 
removal of barium from seawater is largely facilitated by barite precipitation within sinking organic 
matter, rather than via uptake into calcium carbonate (e.g. Dehairs et al. 1980; Bishop 1988; Lea 1993; 
Horner et al. 2015), dissolved barium concentrations and seawater alkalinity are not mechanistically 
linked together. External influences which affect barium or alkalinity in different ways could therefore 
break down or change the relationship between them, rendering alkalinity estimates inaccurate. 
Productivity-associated barite precipitation may affect barium concentrations in the absence of 
concomitant effects on alkalinity, particularly in non-pelagic settings where inorganic carbon rain-rates 
are likely to differ from those in the open ocean, or in regions where the biological assemblage contains 
fewer carbonate-secreting organisms than usual (Rubin et al. 2003). A further concern is that, even if 
seawater barium and alkalinity retain their usual relationship, foraminiferal Ba/Ca ratios may be altered 
after deposition if their calcium carbonate becomes partially dissolved (McCorkle et al. 1995). Seawater 
barium and alkalinity reconstructions are also dependent on the availability of a barium partition 
coefficient for the species in use (Boyle 1981; Lea & Boyle 1989). Although these exist for several of 
the most commonly-used benthic foraminifera (Lea & Boyle 1989; Lea 1993; McCorkle et al. 1995; 
Havach et al. 2001), further measurements will facilitate the use of additional species and will allow for 
an assessment of intra-species variability in barium uptake. In planktic species a multi-species partition 
coefficient has been developed (Hönisch et al. 2011), but it is not known whether this approach is 
appropriate for benthic foraminifera. 
Similarly, further development could significantly benefit the δ138Ba proxy. The collection of 
additional seawater δ138Ba measurements would produce a more detailed picture of δ138Ba oceanic 
distributions, allowing for the mechanisms controlling these distributions to be defined. A clearer 
picture of δ138Ba variability in the modern oceans would create a context for interpreting 
palaeoceanographic δ138Ba measurements. Such measurements could be provided by foraminifera, but 
the relationship between foraminiferal δ138Ba and that of seawater has yet to be investigated. Thus far, 
δ138Ba in inorganically-precipitated carbonate is always isotopically lighter than that of the solution it 
precipitated from (von Allmen et al. 2010; Böttcher et al. 2012a; Pretet 2013), but this may or may not 
be true of living organisms such as foraminifera whose calcium carbonate is precipitated via 
biomineralisation (e.g. Elderfield et al. 1996; Erez 2003; de Nooijer et al. 2009). 
The mechanism by which foraminiferal biomineralisation occurs and how this varies between 
species, or between morphotypes of the same species, is not yet well known (e.g. Khalifa et al. in press). 
Most species of foraminifera, including those used in this study, are known as ‘hyaline’. This term 
derives from their glassy transparent appearance, a feature resulting from the structure of their calcitic 
shells. They consist of radially-organised calcite crystals, with their longest axis (the c-axis) orientated 
perpendicular to the shell wall (Hansen & Reiss 1972; Bellemo 1974). Their shell walls are often 




al. 1989). Perforate hyaline foraminifera calcify their shells via a series of steps which have been 
observed through optical and electron microscopy, partly facilitated by the development of a technique 
which induces foraminifera to calcify upon a glass slide (Bentov 1997; Bentov et al. 2001; Bentov & 
Erez 2001; Erez & Bentov 1998; Erez & Bentov 2002; Erez et al. 1994; Erez et al. 2001; Erez et al. 
2002). First, the foraminifer extends its ectoplasm into the area where the new shell chamber is to be 
precipitated and creates an organic sheet which is the template for the new calcite (e.g. Erez 2003; 
Figure 1.3). A primary layer of calcium carbonate is then deposited, which can consist of 
microspherulites of calcite embedded within the organic sheet (Erez 2003; Figure 1.3). Additional 
layers of radial calcite known as secondary calcite laminations are precipitated sequentially on top of 
this primary layer (Reiss 1957; Figure 1.3). Whilst these aspects of biomineralisation can be observed 
using microscopy, the mechanisms by which calcification ions and trace elements are transported from 
the ambient seawater to the site of calcification are more difficult to detect. Several studies have pointed 
towards the likely importance of seawater vacuolisation in this process (e.g. Erez 2003), whereby 
seawater is isolated within the foraminifer in one or several vesicles which are transported to the site of 
calcification (e.g. Erez 2003; Figure 1.3). A recent study has shown that these vesicles decrease in size 
as calcification progresses, providing supporting evidence for this theory (Khalifa et al. in press). 
However, although it is likely that this plays a role in most species (Erez 2003), the relative importance 
of this compared to other possible mechanisms of ion uptake and storage remains a subject of debate. 
Whilst Nehrke et al. 2013 do observe vesicles during biomineralisation, they conclude that these are 
not numerous enough to be the primary means of transporting ions to the site of calcification and instead 
invoke trans-membrane transport, whereby ions are transported across the cell membrane directly to the 
site of calcification at the time of biomineralisation (Nehrke et al 2013). Several authors have found 
evidence of granules (~0.5 – 1 µm) within the foraminiferal endoplasm near to the site of calcification, 
which may provide calcium ions for calcite precipitation (Bentov 1997; Bentov et al. 2001; Bentov & 
Erez 2001; Erez & Bentov 1998; Erez & Bentov 2002; Erez et al. 1994; Erez et al. 2001; Erez et al. 
2002). The existence and relative importance of these different mechanisms for storing and transporting 
calcification ions, and how this might vary between different species, remains an active area of research. 
Given that there is much still to be learned about biomineralisation, it is possible that different 
species of foraminifer, or perhaps different morphotypes of the same species, calcify their shells via 
significantly different processes. These differences might result in contrasting trace metal compositions, 
in the absence of any differences in seawater chemistry or other environmental conditions. Such offsets 
between species or morphotypes are known as vital effects. Vital effects on δ138Ba have been observed 
in corals (Pretet 2013; Pretet et al. 2015), but foraminifera have not yet been tested. Although 
differences in foraminiferal Ba/Ca between species have been quantified by calculating partition 
coefficients (Lea & Boyle 1989; Lea & Boyle 1991; Lea & Spero 1992; Lea 1993; Lea & Spero 1994; 
McCorkle et al. 1995; Havach et al. 2001; Hall & Chan 2004b; Hönisch et al. 2011), it is not known 




combination of both factors. If present, vital effects could lead to species- or morphotype-specific 
seawater-foraminifer δ138Ba offsets and may overprint the influence of seawater δ138Ba. 
Further to these concerns, both foraminiferal Ba/Ca and δ138Ba measurements depend on the 
removal of barite prior to measurement. This is because barite contamination has the potential to skew 
results by providing excess barium to Ba/Ca ratios and by altering the overall δ138Ba of a sample. A 
cleaning procedure for removing barite from foraminifera has therefore been developed (Lea & Boyle 
1993). However, its impact on foraminifera is not certain because Ba/Ca ratios sometimes increase after 
cleaning (Lea & Boyle 1993; Martin & Lea 2002). It may be that barium is distributed heterogeneously 
within foraminiferal calcium carbonate and the cleaning procedure preferentially dissolves these low-
barium regions of the shell (e.g. Lea & Boyle 1993), an effect which could vary widely between 
different species of foraminifera. 
 In addition to refining and developing barium-based oceanographic methods as described 
above, the existing proxies can be used to ask new questions. In previous studies, benthic foraminiferal 
Ba/Ca ratios have successfully revealed glacial-interglacial contrasts in ocean circulation (Hall & Chan 
2004b; Lea & Boyle 1990a; Lea & Boyle 1990b; Lea 1990; Lea 1993; Lea 1995). For example, in Lea 
1993 the Ba/Ca proxy is used to infer that deep ocean barium concentrations in the South Atlantic sector 
of the Southern Ocean were approximately 13 nM greater at the Last Glacial Maximum than during the 
Holocene. This equates to an alkalinity increase of ~20 µequiv/kg, which could account for 
approximately one third of the glacial-interglacial difference in atmospheric carbon dioxide 
concentrations (Lea 1993). In addition to glacial-interglacial insights, this proxy could be deployed to 
study other aspects of palaeoceanography such as comparisons between interglacial periods. Although 
the variability between interglacial periods is attributed ultimately to differences in solar insolation (e.g. 
Tzedakis et al. 2009; Rohling et al. 2010), the mechanisms which translated this forcing into climatic 
variability are yet to be strongly defined (e.g. Wanner et al. 2008; Tzedakis et al. 2009; Rohling et al. 






Figure 1.3. Schematic diagram of biomineralisation via seawater vacuolisation. A) Foraminifer cell; B) 
extension of cytoplasm to create vesicle; C) isolation of a vesicle of seawater within the cell; D) 
extension of cytoplasm into new shell area and continuing vesicle formation; E) formation of organic 
sheet; F) precipitation of primary calcite onto organic sheet, vesicles shrink as ions are used; G) 




1.3 Thesis outline and setting 
Here, the subjects outlined above are investigated using modern, Holocene and last interglacial 
samples of seawater, sediment and foraminifera from the tropical North Atlantic Ocean and the high-
latitude southeast and southwest Atlantic Ocean (Figure 1.4). In the Atlantic, North Atlantic Deep Water 
(NADW), which forms mostly in the Greenland Sea and Labrador Sea, is transported southwards and 
Antarctic Bottom Water (AABW) moves northwards from its source regions in the high-latitude 
Southern Ocean (such as the Weddell Sea and Ross Sea) via thermohaline circulation (Brown et al. 
2004). Antarctic Intermediate Water (AAIW) also flows northwards, overlying NADW (Brown et al. 
2004). At shallower depths, the waters of the Atlantic are influenced by atmospheric conditions. For 
example, in the South Atlantic, Antarctic Surface Water (ASW) is subducted beneath Subantarctic 
Surface Water, forming AAIW, due to the relatively warmer temperatures of Subantarctic Surface 
Water (Brown et al. 2004). At low latitudes, relatively high temperatures and precipitation levels 
produce stable conditions in the upper water column, leading to weaker vertical mixing within near-
surface waters than at higher latitudes (e.g. Kara et al. 2003). In addition to broad-scale thermohaline 
circulation and near-surface processes, Atlantic waters are affected by regional currents. The Deep 
Western Boundary Current flows southwards along the western edge of the North Atlantic, carrying 
Labrador Sea Water and NADW (Brown et al. 2004). In the Southern Ocean, the Antarctic Circumpolar 
Current flows from west to east encircling Antarctica at approximately 40ºS – 60ºS, whilst the Antarctic 
Coastal Current flows from east to west along the Antarctic coast (Brown et al. 2004). Ekman transport 
deflects the Antarctic Coastal Current towards Antarctica but in contrast deflects Antarctic Circumpolar 
Current waters away from the shore, resulting in a region of upwelling in-between these two currents 
known as the Antarctic Divergence (Brown et al. 2004). As NADW moves southwards towards 
Antarctica, some is upwelled and, also freshened by meltwater and precipitation inputs, becomes ASW 
(Brown et al. 2004). Downstream of the Drake Passage, the Malvinas Current (which is also known as 
the Falklands Current) branches off from the Antarctic Circumpolar Current and flows along the outer 
edge of the South American continental shelf (Piola & Gordon 1989; Peterson 1992; Piola & Matano 
2009; Piola et al. 2010; Piola et al. 2013). A schematic drawing of the Malvinas Current and its relation 
to the sampling sites in the southwest Atlantic Ocean is provided in Figure 1.5. Maps showing the 
bathymetry of the sampling sites elsewhere in the Atlantic are also provided, in Figures 1.6 to 1.8. 
In this study, the collection of Atlantic samples shown in Figures 1.4 to 1.8 is used to explore 
several different questions related to marine barium. First, in Chapter 2 ‘Trace Metal Methods’ the 
techniques used to measure trace metal ratios such as Ba/Ca ratios in foraminifera are described, along 
with data quality assurance measures. In the following chapter, Chapter 3 ‘Evaluating the Ba/Ca Proxy’, 
a sediment core of recent age from the southwest Atlantic (BC387) is used to investigate some of the 
potential caveats to the benthic Ba/Ca proxy: in a multi-proxy approach using trace metal ratios, oxygen 
and carbon isotope ratios, x-ray fluorescence and gamma-ray spectroscopy, the effects of productivity-




barium partition coefficients are measured in three species of benthic foraminifera; and cleaning tests 
are used to examine the impacts of the barite-removal cleaning technique. Chapter 4 ‘Foraminiferal 
Ba/Ca in the Holocene and Marine Isotope Stage 5e’ presents a comparison of the Holocene with 
Marine Isotope Stage (MIS) 5e, which occurred during the last interglacial period, using the benthic 
foraminiferal Ba/Ca proxy and sediment cores from the southwest Atlantic Ocean (GC528 and GC642). 
Lastly, in Chapter 5 ‘Barium Isotope Ratios in Foraminifera and Seawater’, new seawater δ138Ba 
measurements from the tropical North Atlantic (seawater profiles CTD002, CTD005 and CTD006) are 
analysed alongside existing measurements from the southeast Atlantic (CTD013 and CTD025), towards 
building a whole-Atlantic picture of δ138Ba distributions. Also presented are the first known δ138Ba 
measurements of foraminifera (from sediment samples S0059, S0066, S0131, S0157 and S0177) as a 
first step towards developing these into a new palaeoceanographic proxy. 
 
 
Figure 1.4. Map of all sample locations included in this thesis. Detailed views of these sample locations 
are shown in Figure 1.5, Figure 1.6, Figure 1.7 and Figure 1.8. Bathymetric base map from the National 
Centres for Environmental Information, National Oceanic and Atmospheric Administration, USA. 
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(Chapters 3 & 4) 
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(Chapter 5) 
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(Chapter 5) 

















Figure 1.5. Detailed view of sample locations in the southwest Atlantic Ocean, with the approximate 
location of the Malvinas Current shown by an arrow. Bathymetric base map from the National Centres 





Figure 1.6. Detailed view of sample locations in the northeast Atlantic Ocean. Bathymetric base map 
from the National Centres for Environmental Information, National Oceanic and Atmospheric 
Administration, USA. 
BC387 
















Sierra Leone Rise 
Guinea Terrace 









Figure 1.7. Detailed view of sample locations in the northwest Atlantic Ocean. Bathymetric base map 






Figure 1.8. Detailed view of sample locations in the southeast Atlantic Ocean. Bathymetric base map 
from the National Centres for Environmental Information, National Oceanic and Atmospheric 









































This chapter describes the methods used to gather the foraminiferal trace metal data which are 
presented in Chapters 3 to 5 (Ba/Ca, Mg/Ca and Sr/Ca ratios). Firstly, the cleaning procedure for 
foraminifera is described and secondly the procedure for data collection via mass spectrometry, 
including preparation of samples for analysis, instrumental set-up and tuning, sequence design and the 
calculation of trace metal ratios. Lastly, measures used to check data quality and method-validation 
tests are described. 
 
2.2 Foraminiferal cleaning procedure 
Under optical microscope, picked foraminifera were gently crushed between two glass slides 
cleaned in reverse osmosis purified (RO) water, to open as many of the chambers as possible to ensure 
maximum effectiveness of cleaning, yet without rendering the fragments too small to minimise sample 
loss. Glass slides were cleaned in-between samples to prevent cross-contamination. Visible 
contaminants were removed using a single-eyelash brush and the crushed foraminifer fragments were 
then placed into acid-cleaned 500 µl microcentrifuge vials by brushing them off the edge of the glass 
slide. The crushed fragments were then cleaned using the procedure described below in a clean 
laboratory reserved for working with carbonates at the Bristol Isotope Group in the School of Earth 
Sciences, University of Bristol. 
The procedure for cleaning benthic foraminifera prior to trace metal analysis described here is 
similar to that of the School of Earth and Ocean Sciences, Cardiff University, except adapted to include 
a barite-removal step using DTPA (Lea & Boyle 1993). The Cardiff procedure was itself derived from: 
Boyle 1981; Boyle & Keigwin 1985; Barker et al. 2003; reversal of the order of the oxidation and 
reduction steps to prevent the precipitation of cadmium sulphide which causes high cadmium values; 
and the addition of a sample transfer stage (samples are placed into fresh clean vials) after the reducing 
step because of the loosening of sample vial lids caused by this step. 
Systematic bias was avoided during cleaning by randomising the order of samples in the sample 
rack and by alternating the orientation of the sample rack in the ultrasonic bath. The sample rack used 
was a Nalgene tray capable of holding 24 microcentrifuge vials. All reagent storage bottles and pipette 
tips were acid-cleaned prior to use and at all stages in the procedure a freshly-cleaned pipette tip (rinsed 
in 3 M hydrochloric acid followed by Milli-Q water) was used whenever appropriate to avoid cross-
contamination. The acids used for cleaning were reagent grade. Whenever a 1000 µl pipette was used, 
this was set to 600 µl for increased control. To prevent sample loss, samples were allowed to settle to 
the bottoms of the vials before pipetting out overlying solutions, and although as much of the overlying 
solution as possible was removed it was deemed acceptable to leave a small pool (of about 5 – 10 µl) 




The cleaning procedure consists of: 1) a water and methanol step to remove clays; 2) checking 
for non-foraminiferal grains under the microscope and removal of these contaminants if present; 3) a 
reducing agent step to remove metal oxides; 4) an optional sample transfer to fresh vials; 5) an oxidising 
agent step to remove organic matter; 6) a DTPA step to remove barite; and 7) a final rinse of dilute acid 
to remove any remaining adsorbed contaminants. The procedure is described in full below. 
 
2.2.1 Clay removal 
2.2.1.1 Initial water rinse 
The ultrasonication of samples in water was used to separate out clay material from the 
foraminifer fragments. The clays float in the water above the foraminifera and are thus removed along 
with the overlying solution. 
Sample vials were first tapped firmly on their sides to move foraminifer fragments down to the 
bottoms of the vials. Approximately 500 µl Milli-Q water was then added to each vial, aiming at the 
sides of the vial in order to wash all fragments into the water. Vial lids were checked for fragments and 
these were also rinsed into the body of the vial by capping and inverting vials. Any air bubbles were 
removed by gently tapping the vials. The vials were then tapped again to ensure that all fragments had 
floated down to the bottoms of the vials. After allowing the fragments to settle the water was removed 
from each vial using a 1000 µl pipette. 
The following steps were then performed three times (although repeats may be omitted if the 
sample is small or fragile, or further repeats added if clay contamination – a milky-white appearance to 
the overlying solution – is still seen after three rinses): 
1. add approximately 250 µl Milli-Q water to each sample vial 
2. ultrasonicate vials for 1 minute in an ultrasonic water bath 
3. top up with Milli-Q water to approximately 500 µl 
4. cap, invert and shake vials, tap out any bubbles 
5. tap vials to settle samples to the bottoms of the vials 
6. remove overlying water using a pipette 
A further ultrasonication was then performed, whilst the foraminifer fragments were still in 
small pools of water (5 – 10 µl), then 500 µl Milli-Q water was added to each vial, the vials inverted, 
tapped to bring samples back down and the overlying water removed. 
 
2.2.1.2 Methanol 
Cleaning with methanol dislodges further clays because it has a lower viscosity than water. 
~100 % Romil ultra-pure methanol was used. The following procedure was performed twice (although, 
as before, the number of repeats may be adjusted as required): 




2. ultrasonicate vials for 1 minute in an ultrasonic water bath 
3. invert and shake vials 
4. tap vials to settle samples to the bottoms of the vials 
5. remove overlying methanol using a pipette 
 
2.2.1.3 Final water rinse 
A final water rinse was performed to remove any remaining methanol. This was achieved by 
performing the following steps twice:  
1. add approximately 250 µl Milli-Q water to each vial 
2. ultrasonicate vials for 1 minute in an ultrasonic water bath 
3. top up with Milli-Q water to approximately 500 µl 
4. cap, invert and shake vials, tap out any bubbles 
5. tap vials to settle samples to the bottoms of the vials 
6. remove overlying water using a pipette, then remove as much as possible of the remaining 
small pool of water using a 200 µl pipette 
 
2.2.2 Checking for contaminants 
Removing non-foraminiferal grains at this stage diminishes the risk of contamination from 
leaching them during the reducing step. Under an optical microscope, samples were checked for small 
black particles (silicate grains) and other contaminants. To remove contaminants, the sample fragments 
were expelled onto an RO water cleaned glass slide using the following technique: 
1. take a 200 µl pipette tip and cut off about one quarter from the solution end, at an angle, 
using a disposable scalpel (creating an enlarged, oval-shaped aperture) 
2. acid-clean the modified pipette tip twice (additional cleaning is required because it has 
come into direct contact with the metal scalpel) 
3. using the modified pipette tip, add a small amount of Milli-Q water (approximately 50 µl) 
to the sample vial to float the foraminifer fragments 
4. immediately (to avoid re-settling), use the modified pipette tip to remove the foraminifer 
fragments from the vial and transfer them onto a clean glass slide 
5. repeat until all foraminifer fragments have been transferred to the glass slide 
Contaminant grains were then removed using a single-eyelash brush. To prevent cross-
contamination, glass slides were thoroughly cleaned in-between samples using RO water and a new 
modified pipette tip was used for each sample. When contaminants had been removed, the sample was 
placed back into its vial either by brushing the fragments off the edge of the glass slide into the vial or 




2.2.3 Metal oxides removal (reducing step) 
In this step, a reducing agent was used to remove metal oxides that might coat the foraminifer 
fragments. The original reducing agent recipe (Lea & Boyle 1993) consisted of 10 ml ammonium 
hydroxide, 10 ml of a citric acid ammonia mixture and 1200 µl hydrazine hydrate. Hydrazine is 
dangerously unstable at high concentrations, so suppliers provide hydrazine hydrate solutions which 
are approximately 55 – 65 % solutions of hydrazine. For safety reasons, it was deemed necessary to use 
a 55 % hydrazine hydrate (equal to 35 % hydrazine) solution. The recipe was adjusted to account for 
this, in order to keep the hydrazine concentration in the reducing agent the same as used by previous 
authors (Lea & Boyle 1993). The reducing agent recipe became 10 ml ~25 – 35 % Suprapur reagent 
grade ammonium hydroxide, 10 ml of a citric acid ammonia mixture (composed of 25 g AnalR reagent 
grade citric acid powder dissolved in 500 ml ~25 – 35 % Suprapur reagent grade ammonium hydroxide, 
mixed in an ice bath and stored under refrigeration) and 2160 µl 55 % ACROS Organics reagent grade 
hydrazine hydrate. Any change in the effectiveness of the reducing agent caused by altering the recipe 
in this way was deemed negligible (Dr M. Greaves, pers. com. 2014). The volume of reducing agent 
was always adjusted to the number of samples being cleaned to ensure the minimum possible amount 
of waste. 
100 µl of reducing agent was added to each sample vial, which were then tightly shut. 
Depending on the equipment used, it may be necessary to clamp an acrylic sheet over the vial lids, using 
nylon screws to keep the acrylic cap flush with the vial lids, in order to prevent the vials from popping 
open in the hot water bath (which may result in sample loss). The sample vials were placed into a hot 
water bath at 70 – 90 ºC for 30 minutes. During this time, the following actions were performed every 
2 minutes: 
1. remove the rack of vials from the hot water bath 
2. if applicable, tighten the screws on the acrylic plate if required 
3. invert and shake vials 
4. tap vials to settle samples to the bottoms of the vials 
5. ultrasonicate the vials for a few seconds (this time the ultrasonic bath must be kept within 
an extracted fume hood) 
6. again tap vials to re-settle samples to the bottoms of the vials 
7. return the rack of sample vials to the hot water bath 
Ultrasonication was used to agitate the reagent into all parts of the sample and discourage 
dissolved oxides from re-precipitating. After 30 minutes, the vials were removed from the hot water 
bath and carefully opened by peeling their lids off slowly (allowing gaseous build-up to be released 
slowly thus avoiding sample loss). As much of the reducing agent as possible was then removed from 





1. fill each sample vial with Milli-Q water 
2. cap, invert and shake vials, tap out any bubbles 
3. tap vials to settle samples to the bottoms of the vials 
4. remove overlying water using a pipette 
5. repeat steps 1 – 3 two times 
6. add approximately 250 µl Milli-Q water to each sample vial 
7. place vials in a hot water bath at 70 – 90 ºC for five minutes 
8. remove vials from the hot water bath and remove overlying water using a pipette 
9. repeat steps 1 – 3 two times 
10. repeat steps 5 – 7 once 
 
2.2.4 Sample transfer 
Following the reducing step, it was sometimes necessary to place the samples into fresh vials 
because of the loosening of the sample vial lids caused by the reducing step. To perform sample 
transfers, a technique similar to that of Section 2.2.2 ‘Checking for contaminants’ was used, as follows: 
1. take a 200 µl pipette tip and cut off about one quarter from the solution end, at an angle, 
using a disposable scalpel (creating an enlarged, oval-shaped aperture) 
2. acid-clean the modified pipette tip twice (additional cleaning is required because it has 
come into direct contact with the metal scalpel) 
3. using the modified pipette tip, add a small amount of Milli-Q water (approximately 50 µl) 
to the sample vial to float the foraminifer fragments 
4. immediately (to avoid re-settling), use the modified pipette tip to remove the foraminifer 
fragments from the vial and transfer them into a new vial 
5. repeat until all foraminifer fragments have been transferred to the new vial 
To prevent cross-contamination, a new modified pipette tip was used for each sample. After all 
samples were transferred, vials were tapped to settle samples to the bottoms of the vials and a 1000 µl 
pipette was used to remove the overlying solutions. 
 
2.2.5 Organic matter removal (oxidising step) 
In this step, an oxidising agent was used to remove organic matter from the samples. The 
oxidising agent consisted of 15 ml 0.1 M Fisher Chemical reagent grade carbonate-free NaOH mixed 
with 50 µl 30 % Romil ultra-pure H2O2 solution. 250 µl of oxidising agent was added to each sample 
vial. As in the reducing step, depending on the equipment used it may be necessary to clamp an acrylic 
sheet over the vial lids to prevent the vials from popping open in the hot water bath. The sample vials 
were placed into a hot water bath at 70 – 90 ºC for 10 minutes. Half way through this 10-minute period, 




on its side to re-settle the samples. At the end of the 10 minutes, sample vials were gently tapped to 
remove bubbles and then fragments allowed to re-settle. The oxidising agent was then removed from 
each sample vial using a 1000 µl pipette. Fresh oxidising agent was added to each vial (250 µl in each) 
and the process repeated once. The samples were then rinsed as follows: 
1. fill each sample vial with Milli-Q water 
2. cap, invert and shake vials, tap out any bubbles 
3. tap vials to settle samples to the bottoms of the vials 
4. remove overlying water using a pipette 
5. repeat steps 1 – 4 once 
 
2.2.6 Barite removal 
Next, a solution of DTPA (Figure 2.1) was used to remove barite contamination. DTPA 
dissolves barite by chelating Ba2+ ions and is used in industry for cleaning barite from surfaces (Putnis 
et al. 2008). The DTPA solution is neutralised because this improves its effectiveness (Quattrini 1972) 
and to minimise calcium carbonate dissolution. To make this solution, 0.16 g of ACROS Organics 
reagent grade DTPA powder was dissolved in 200 ml Milli-Q water to make a 0.002 M DTPA solution, 
a concentration which prevents unacceptable sample loss whilst still removing barite (Lea & Boyle 
1993), then 0.1 M Fisher Chemical reagent grade carbonate-free NaOH was added to this until the pH 
of the solution was approximately neutral (tested using indicator paper with a pH range of 1 – 14). 15 
ml of 0.1 M NaOH was added. This was less than the predicted volume of NaOH to add which was 20 
ml: 0.16 g of DTPA at 393.35 g/mol is 4.0676 x 10–4 mol DTPA; each DTPA molecule provides 5 H+ 
ions to solution (Figure 2.1); moles of H+ provided to solution = 5 x 4.0676 x 10–4 = 0.002; 0.1 M NaOH 
provides 0.0001 mol OH– per ml; to neutralise the H+ from DTPA, 0.002 mol of OH– are required; and 
this is provided by 20 ml of 0.1 M NaOH. The reason for a smaller requirement of NaOH than predicted 
could be that not all of the DTPA powder successfully dissolved. For this reason, the pH of the NaOH-
DTPA solution was always checked before use so that if further DTPA dissolution had occurred 
additional NaOH could be added to maintain a neutral pH. The addition of 15 ml of NaOH indicates 
that the amount of DTPA powder which dissolved was approximately 0.118 g, resulting in a DTPA 
solution of 0.0015 M: 15 ml of 0.1 M NaOH provides 0.0015 mol OH–; and 0.0015 mol H+ would be 
provided by dissolution of 0.0003 mol DTPA (0.118 g). This is still an acceptable concentration for 
cleaning barite from foraminifera because a more dilute solution of DTPA is actually more effective at 
removing barite (Putnis et al. 2008) and because the use of a high-temperature water bath greatly 
increases the effectiveness of the DTPA solution (Putnis et al. 2008). The NaOH-DTPA solution was 













Figure 2.1. Chemical structure of diethylenetriaminepentaacetic acid (DTPA) (C14H23N3O10) with active 
sites for complexing cations marked by dots (Putnis et al. 2008). Each DTPA molecule acts as a ligand, 
forming a complex with one Ba2+ ion by wrapping around it (Housecroft & Constable 2010). 
 
50 µl of this NaOH-DTPA solution was added to each sample vial. The sample vials were then 
placed in a hot water bath at 70 – 90 ºC for 10 minutes. As in the oxidising and reducing steps, depending 
on the equipment used it may be necessary to clamp an acrylic sheet over the vial lids to prevent the 
vials from popping open in the hot water bath. Within the 10 minute time period, every 2 minutes the 
rack of vials was removed, inverted, firmly tapped on its side to re-settle the samples, and returned to 
the hot water bath. Because DTPA dissolves calcium carbonate in addition to barite by chelating Ca2+ 
ions, it is important to rinse out the DTPA solution as quickly as possible after the 10 minute cleaning 
period is over to prevent unacceptable sample loss (Lea & Boyle 1993). To achieve this, samples were 
immediately rinsed with approximately 450 µl ~25 – 35 % Suprapur reagent grade ammonium 
hydroxide solution (Lea & Boyle 1993), followed by a Milli-Q water rinse to remove the ammonium 
hydroxide: 
1. fill each sample vial with Milli-Q water 
2. cap, invert and shake vials, tap out any bubbles 
3. tap vials to settle samples to the bottoms of the vials 
4. remove overlying water using a pipette 
5. repeat steps 1 – 4 twice 
 
2.2.7 Dilute acid rinse 
The final stage of the cleaning procedure was a rinse with dilute nitric acid to remove any 
remaining adsorbed contaminants. This step may be adjusted as required depending on sample size and 
fragility. Because the samples were occasionally of very small size, the least aggressive possible version 
of this step was used. This involved modifying the original procedure by omitting ultrasonication, by 
not performing repeats and by using a 0.001 M solution of nitric acid rather than 0.002 M. In addition, 
only six samples were taken through this step at a time in order to reduce the contact time between acid 
and samples. 
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250 µl 0.001 M Romil ultra-pure nitric acid was added to each sample vial. The sample vials 
were then inverted, checked for bubbles, and firmly tapped to re-settle the samples, followed by removal 
of the nitric acid via pipette. Milli-Q water was then added to the vials and the same process repeated, 
to rinse the acid out of the sample vials. A 200 µl pipette was then used to carefully remove as much 
water as possible from each sample vial. Care was also taken to remove any water droplets from the 
vial lids. A new pipette tip was used for each sample vial to avoid cross-contamination. Samples were 
then dried down by placing them opened under a clean protective guard in a clean fume hood area, 
allowing any remaining water to evaporate over the course of a few hours. Sample vials were then 
firmly shut and the outsides of the vials dried before storage. At this stage, samples could be stored 
indefinitely until they were to be measured via mass spectrometry. 
 
2.3 Measurement by mass spectrometry 
2.3.1 Instrumental set-up and tuning 
Samples were measured on a Thermo Finnigan Element 2 inductively coupled plasma mass 
spectrometer at the Bristol Isotope Group in the School of Earth Sciences, University of Bristol. Sample 
introduction was performed by a CETAC ASX-100 autosampler, Elemental Scientific MicroFlow PFA-
50 self-aspirating Teflon nebuliser with ASX-100 stainless steel supported capillary, glass spray 
chamber and inbuilt peristaltic pump, with an Ar gas flow. The cones used were a platinum Thermo 
Finnigan sample cone and nickel Thermo Fisher ‘H’ skimmer cone. 
Upon igniting the plasma, the Element was left to settle for 20 minutes to 1 hour before 
proceeding with tuning. A 1 ppb multi-element tuning solution was used to tune first the low, then 
medium and finally high resolution modes. In low resolution, torch position, sample gas flow rate (i.e. 
the gas which transports the sample from the spray chamber to the torch, the gas flow through the torch 
injector), auxiliary gas flow rate (i.e. plasma gas, the gas flow through the torch inner tube), and focus, 
x-deflection and y-deflection of low-resolution lenses (affecting the focus and deflection of the ion 
beam through the entrance slit) were tuned using Li, In, Ba and U. Typical sample gas and auxiliary gas 
flow rates were ~0.9 – 1.1 l/min and ~0.8 – 0.9 l/min, respectively. Oxide formation was also checked 
by measuring Ba, BaO, U and UO and calculating percentage oxides of U as (UO/U)*100 and of Ba as 
(BaO/Ba)*100. Typical percentages of oxides were approximately 3 % for U and 0.5 % for Ba. Tuning 
parameters were adjusted to gain an optimum balance between sensitivity and stability whilst 
maintaining sufficiently low oxides. 
Once this had been achieved in low resolution, medium resolution mode was tuned using Na, 
K and Fe. Tuning was performed by adjusting the medium-resolution lenses until the Na, K and Fe 
peaks were flat-topped bell-shaped curves. High resolution mode was then tuned using Na, K and Fe, 
by adjusting the high-resolution lenses until flat-topped bell-shaped curves were achieved by the Na 




Next, mass calibrations were performed for the low, medium and high resolution modes in turn, 
and finally mass offsets were calculated and inserted into the method files to be used. Mass calibrations 
were performed every few weeks whereas mass offsets were updated before each run. 
 
2.3.2 Data acquisition parameters 
The method file for measurement of foraminiferal trace metal ratios is described in Table 2.1. 
The elements chosen for measurement were: Ba and Ca, for the measurement of Ba/Ca ratios, a primary 
objective of this project; Mg, because Mg/Ca ratios in foraminifera can be used as a proxy for 
temperature (e.g. Lear et al. 2002) so this could provide useful auxiliary data; Sr, because similarly 
Sr/Ca ratios can be used as a proxy for carbonate ion concentration (e.g. Yu et al. 2014) and temperature 
(e.g. Rosenthal et al. 2006; Cléroux et al. 2008); Mn, to check for contamination by metal oxides; and 
Al, to check for contamination by clays. The isotopes chosen for measurement were: 43Ca, because 42Ca, 
43Ca and 44Ca are the most convenient for use in HR-ICP-MS due to their adequate abundances and 
relative lack of interferences (Halicz et al. 1999) compared to isotopes such as 40Ca+ which is prone to 
isobaric interference by 40Ar+ (Halicz et al. 1999) and of these, 43Ca is least abundant allowing for 
samples to be run at 10 ppm Ca without overloading the detector in the mass spectrometer, which should 
only measure up to a limit of 107 cps (Figure 2.2); 138Ba, because this is the most abundant stable isotope 
of Ba and hence the easiest to measure; 88Sr for the same reason; 25Mg, because Mg/Ca can be as high 
as 5 mmol/mol in foraminifera (e.g. Anand et al. 2003) so the use of a less-abundant isotope than 24Mg 
reduces the risk of overloading the detector; 55Mn, because this is the only stable isotope of Mn; and 
likewise for 27Al. All isotopes were measured at low resolution because this resolution was sufficient 
to resolve interferences. Runs and passes were each set to 3. Passes are repeated scans which are 
averaged into one intensity per mass peak and runs are repeats of these which are also averaged and 
used to calculate a standard deviation (internal precision) (Figure 2.3). 
 
Figure 2.2. 43Ca intensity in counts per second measured whilst varying calcium concentration with 
least-squares linear regression line (dashed line) of equation y = (4.022 x 105)*x with R2 = 0.998. All 


































Table 2.1. Acquisition settings in the method file, with explanations. Values are the default settings 
provided by the Element 2 software. 
Isotope 25Mg 27Al 43Ca 55Mn 88Sr 138Ba 
Accurate mass (u) 24.9853 26.9810 42.9582 54.9375 87.9051 137.9047 
Samples per peak 20 50 20 50 50 20 
The number of times to measure a peak within a scan, i.e. the number of 
vertical bars populating the mass peak (Thermo Finnigan 2001). The more 
times it is measured the better the precision will be but the longer the 
scanning time (Thermo Finnigan 2001). 
Mass window (%) 125 20 125 20 20 125 
The percentage of the mass peak, measured from the centre, used during 
scanning (data acquisition) (Thermo Finnigan 2001). 
Sample time (s) 0.0100 0.0100 0.0100 0.0100 0.0100 0.0100 
The time taken to acquire one sample (one vertical bar within a mass peak) 
(Thermo Finnigan 2001). 
Segment 
duration (s) 
0.250 0.100 0.250 0.100 0.100 0.250 
The time taken to scan (i.e. acquire data from) each isotope’s mass peak, 




60 20 60 20 20 60 
The percentage of the mass peak, measured from the centre of the peak, 
used to calculate intensity (Thermo Finnigan 2001). 
Integration type Average Average Average Average Average Average 
Integration type ‘average’ means that the integrated intensity equals the 
sum of intensities in the peak window divided by number of samples in the 
window. Alternatives are ‘peak top’ (the maximum counts per second) or 
‘integral’ (the sum of the intensities in the peak window) (Thermo Finnigan 
2001). 
Scan type EScan EScan EScan EScan EScan EScan 
Scan type ‘EScan’ was used because this is the most appropriate scan type 
for general use (Thermo Finnigan 2001). 
Detection mode Both Both Both Both Both Both 
‘Both’ mode indicates that ‘analogue’ or ‘counting’ mode will be selected 
automatically depending on the counts per second detected: counting mode 
below 5 x 106 cps and analogue mode above this. The software 




Isotope 25Mg 27Al 43Ca 55Mn 88Sr 138Ba 
Settling time (s) 0.048 0.001 0.027 0.014 0.030 0.001 
Time allowed for the magnet to stabilise after moving into position before 
measurements are taken. This is necessary because there is a small drift in 
the magnet after moving (Thermo Finnigan 2001). 
 
aaaaaaaaaaaaaaaaa 
Figure 2.3. Schematic diagram of runs and passes. 
 
2.3.3 Bracketing standard 
 A bracketing standard was created by adding aliquots of High-Purity Standards, Inc. single-
element standard solutions to 40 ml 10,000 ppm Ca High-Purity Standards, Inc. standard solution. 
Volumes were calculated based on creating similar trace metal ratios in the bracketing standard to those 
found in foraminifera (Table 2.2). Aliquots were added whilst sequentially weighing the resulting 
solution and final trace metal ratios of the bracketing standard solution were calculated gravimetrically 
(Table 2.3). The bracketing standard was stored in an acid-cleaned Teflon bottle to facilitate long-term 
storage and was diluted to 10 ppm Ca using 0.075 M Romil ultra-pure nitric acid immediately prior to 
measurement. 
 
Table 2.2. Example trace metal ratios in foraminifera. 
Ba/Ca 
Benthic: ~2 – 3.5 µmol/mol (e.g. Lea & Boyle 1990a) 
Planktic: ~1.3 – 2.6 µmol/mol (e.g. Hall & Chan 2004) 
Mg/Ca 
Benthic: ~0.6 – 1.1 mmol/mol (e.g. Rickaby et al. 2010) 
Planktic: ~3 – 5 mmol/mol (e.g. Anand et al. 2003) 
Sr/Ca 
Benthic: ~1.1 – 1.5 mmol/mol (e.g. Yu et al. 2014) 
Planktic: ~1.3 – 1.5 mmol/mol (e.g. Cléroux et al. 2008) 
Al/Ca Measurements at Cardiff University, using their in-house bracketing standard, indicated 
that Al/Ca was on the order of 1 – 100 µmol/mol and that Mn/Ca was approximately 1 – 
5 µmol/mol after using the cleaning technique outlined above. Mn/Ca 
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Ca 40 ml of 
10,000 ± 30 
ppm solution 
4.130 x 101 ± 
1.000 x 10–3 
4.001 x 101 ± 
7.755 x 10–2 
9.984 x 10–3 ± 
3.566 x 10–5 
Not applicable 
 
Ba 480 µl of 10 ± 
0.04 ppm 
solution 
4.760 x 10–1 ± 
1.000 x 10–3 
4.718 x 10–1 ± 
1.363 x 10–3 
3.435 x 10–8 ± 
1.695 x 10–10 
3.441 x 100 ± 
1.229 x 10–2 
µmol/mol 
Mg 2183 µl of 
1000 ± 3 ppm 
solution 
2.181 x 100 ± 
1.000 x 10–3 
2.164 x 100 ± 
4.406 x 10–3 
8.902 x 10–5 ± 
3.228 x 10–7 
8.916 x 100 ± 
3.185 x 10–2 
mmol/mol 
Sr 1312 µl of 
1000 ± 3 ppm 
solution 
1.318 x 100 ± 
1.000 x 10–3 
1.305 x 100 ± 
2.767 x 10–3 
1.489 x 10–5 ± 
5.472 x 10–8 
1.492 x 100 ± 
5.328 x 10–3 
mmol/mol 
Al 27 µl of 1000 
± 3 ppm 
solution 
2.000 x 10–2 ± 
1.000 x 10–3 
1.970 x 10–2 ± 
9.860 x 10–4 
7.303 x 10–7 ± 
3.661 x 10–8 
7.315 x 101 ± 
2.612 x 10–1 
µmol/mol 
Mn 210 µl of 10 ± 
0.05 ppm 
solution 
2.120 x 10–1 ± 
1.000 x 10–3 
2.105 x 10–1 ± 
1.077 x 10–3 
3.832 x 10–8 ± 
2.742 x 10–10 
3.838 x 100 ± 
1.371 x 10–2 
µmol/mol 
a) Calculated by:  = 	
	/
	/. Densities were provided by High-
Purity Standards’ Certificates of Analysis. 
b) Calculated by: 
	 =  × 

	














2.3.4 Sequence design 
 Sample-standard bracketing was used to account for instrumental drift within runs. A typical 
sequence design is displayed in Figure 2.4. ‘Wash out’ blanks were run at the beginning of a sequence 
to avoid including high-RSD blank measurements, which were often seen at the beginning of a 
sequence, within the main run. Standards and samples were blank-corrected by the Element 2 software 
using the blank immediately preceding them. Blank solutions were 0.075 M Romil ultra-pure nitric acid 
and bracketing standard solutions were 10 ppm Ca dilutions of the bracketing standard described in 
Section 2.3.3 ‘Bracketing standard’. Sample solutions are described in Section 2.3.5 ‘Sample 
dissolution and measurement’. In addition to the blank, bracketing standard and sample solutions, a 
‘wash’ solution of 0.075 M Romil ultra-pure nitric acid and a ‘pre-wash’ solution of 2 % reagent grade 
nitric acid were used and topped up before each run as necessary. All blank, bracketing standard and 
wash solutions were made fresh on the day of the run or on the day before. Appropriate solution take-
up and wash times were estimated and set on the day of running using the tuning solution described in 
Section 2.3.1 ‘Instrumental set-up and tuning’. These were typically 1.5 and 2 minutes, respectively. 
 
Figure 2.4. Schematic diagram of a typical sequence design. 
 
Start Wash out 1
Wash out 2 Blank 1
Standard 1 Sample 1





2.3.5 Sample dissolution and measurement 
 Before measuring trace metal ratios in the samples, they were each diluted to the same calcium 
concentration as the bracketing standard in order to minimise matrix effects (‘calcium-matching’, e.g. 
Yu et al. 2005). A concentration of 10 ppm Ca was used primarily because this prevented 43Ca 
intensities from overloading the detector (Figure 2.2). The relationship shown in Figure 2.2 predicts 
that 107 cps, the maximum allowable counts to prevent damaging the detector, would result from 
measuring a solution of approximately 25 ppm Ca. A concentration of 10 ppm Ca was used rather than 
this upper limit of 25 ppm Ca because fluctuations in instrument intensity between runs could cause 
this upper limit to vary. A lower concentration of 10 ppm was used to reduce the risk of overloading 
the detector. An alternative method of protecting the detector would be to use the less-abundant isotope 
46Ca, however this isotope is prone to isobaric interference from 46Ti (Halicz et al. 1999). An added 
benefit of using 10 ppm rather than 80 or 100 ppm Ca as some previous authors have used (e.g. Yu et 
al. 2005; Harding et al. 2006; Marchitto 2006) was that this allowed for approximately 200 – 400 µg of 
foraminifera, a manageable picking amount, to be diluted to 1 or 2 ml for measurement, a convenient 
volume for using 2 ml autosampler vials in the CETAC ASX-100 autosampler whilst allowing for 
multiple measurements to be taken per sample. If 100 ppm were used, either the number of foraminifera 
to pick would increase or the overall sample volume would decrease, reducing the availability of full 
replicates or repeat measurements. 
To begin measurement, samples were first dissolved by adding 200 µl 0.075 M Romil ultra-
pure nitric acid to each sample and ultrasonicating in an ultrasonic bath for a few minutes or until CO2 
bubbles ceased forming and foraminifer fragments could no longer be seen. The dissolved samples were 
then centrifuged for 5 minutes at 5000 rpm using an Eppendorf MiniSpin microcentrifuge, to move any 
remaining particulates to the bottoms of the vials. 170 µl of each sample solution was then pipetted into 
a fresh acid-cleaned 500 µl microcentrifuge vial and set aside for later measurement. Of the remaining 
30 µl, 20 µl was transferred into an acid-cleaned 2 ml autosampler vial and the remaining 10 µl was 
discarded along with the used microcentrifuge vial. 1980 µl 0.075 M Romil ultra-pure nitric acid was 
added to each autosampler vial to make the solutions up to 2 ml. These 2 ml calcium-matching solutions 
were then measured via HR-ICP-MS using the instrumental set-up, tuning, data acquisition parameters, 
bracketing standard and sequence design described above, with the exception that rather than measuring 
all isotopes in the method 43Ca alone was measured. To reduce sample contamination, the time samples 
spent dissolved in vials was minimised by performing sample dissolution and calcium-matching on the 
day immediately before sample measurement. Calcium concentrations of the calcium-matching 
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	           (2.2) 
Where [Ca]Ca-match-T is the calcium concentration of the calcium-matching solution in ppm, 43CaCa-match-T 
is the blank-corrected 43Ca intensity of the calcium-matching solution in counts per second, [Ca]standard 
is the calcium concentration of the bracketing standard (10 ppm) and 43Castandard is the blank-corrected 
43Ca intensity of the bracketing standard in counts per second. 
Dilutions could then be calculated for diluting the remaining 170 µl of sample solutions, set 
aside earlier, to 10 ppm for measurement. The following equation was used to calculate these dilutions: 
V_ = 
××__[
]__×__           (2.3) 
Where Vsample-170 is the volume of sample to use in the new dilution, [Ca]new is the target calcium 
concentration of the new dilution (10 ppm), Vnew is the total volume of the new dilution (usually 2000 
µl but this may be lowered if required to make Vsample-170 ≤ 170 µl), VCa-match-20 is the volume of sample 
used in the calcium-matching solution (20 µl), [Ca]Ca-match-T is the calcium concentration of the total 
calcium-matching solution (measured by HR-ICP-MS, see above) and VCa-match-T is the total volume of 
the calcium-matching solution (2000 µl). The volume of sample designated by Vsample-170 was added to 
a new acid-cleaned 2 ml autosampler vial and then made up to the total volume designated by Vnew by 
adding 0.075 M Romil ultra-pure nitric acid. Vsample-170 was rounded to 1 decimal place for enhanced 
pipetting accuracy. Once these dilutions had been made, the resulting sample solutions were ready for 
measurement of Ba/Ca, Mg/Ca, Sr/Ca, Al/Ca and Mn/Ca. Samples were measured via HR-ICP-MS 
using the instrumental set-up, data acquisition parameters, bracketing standard and sequence design 
described above. The derivation of the previous equation is described below: 





__          (2.5) 
[Ca]
__ = [
]__×____           (2.6) 
Where [Ca]Ca-match-20 is the calcium concentration of the 20 µl of sample that was used in the calcium-
matching solution, VCa-match-20 is the volume of sample that was used in that same solution (20 µl), [Ca]Ca-
match-T is the calcium concentration of the calcium-matching solution (measured via HR-ICP-MS) and 
VCa-match-T is its total volume (2000 µl). Because the 20 µl of sample that was used in the calcium-
matching solution was from the same source as the 170 µl of sample that was set aside to be used, their 
calcium concentrations are equal: 
[Ca]
__ = [Ca]_          (2.7) 
Where [Ca]sample-170 is the calcium concentration of the remaining 170 µl of sample that was set aside 
for measurement. Substituting this into the equation above gives: 
[Ca]_ = [




The next step is to calculate the volume of this 170 µl of sample that should be used in the new 
dilution: 
Concentration × Volume = Concentration × Volume          (2.9) 




_           (2.11) 
Where Vsample-170 is the volume of the remaining 170 µl of sample solution that should be used in the 
new dilution, [Ca]new is the target calcium concentration of the new dilution (10 ppm) and Vnew is the 
target total volume of the new dilution (usually 2000 µl but this may be lowered if necessary to make 
Vsample-170 ≤ 170 µl). Substituting in for [Ca]sample-170 gives: 
V_ = [Ca] × V÷ [
]__×____           (2.12) 
Which rearranges to the final equation: 
V_ = 
××__[
]__×__           (2.13) 
 
2.3.6 Calculation of trace metal ratios 
 This section describes how the raw data from HR-ICP-MS were processed into trace metal 
ratios. In order to avoid potential software artefacts ratios were calculated offline. Ratios were 





          (2.14) 
Where ‘X’ represents either 25Mg, 27Al, 55Mn, 88Sr or 138Ba. This was done for both standards and 
samples. The uncertainty for X/Ca was calculated by propagation of internal precision (Figure 2.3) 
using the following equation: 
σ/
 =  
 ×  + 
           (2.15) 
Where σX/Ca is the propagated uncertainty for the X/Ca ratio, X/Ca is the ratio calculated using the 
previous equation, σX is the internal precision for isotope X, X is the intensity of isotope X, σCa is the 
internal precision for 43Ca and Ca is the intensity of 43Ca. This was also done for both standards and 
samples. 
Ratios were then converted from counts per second into concentration (mmol/mol) using the 
following equation: 
 !_ !_ =
 !_ !_           (2.16) 
Which rearranges to: 
 
"#$_




Where (X/Ca)SPL-C is the X/Ca ratio of the sample in units of concentration (mmol/mol), (X/Ca)STD-C is 
the X/Ca ratio of the bracketing standard in units of concentration (mmol/mol) as calculated in Section 
2.3.3 ‘Bracketing standard’, (X/Ca)SPL-I is the X/Ca ratio of the sample in units of counts per second as 
calculated in the previous step and (X/Ca)STD-I is the X/Ca ratio of the bracketing standard in units of 
counts per second as calculated in the previous step. Each sample was paired with the standard 
immediately preceding it (see Section 2.3.4 ‘Sequence design’). Errors were propagated using the 
following equation: 
σ !_ =  
"#$_
 ×
 _ !_ 

+  _ !_ 

+  _ !_ 

          (2.18) 
Where σ(X/Ca)SPL-C is the propagated uncertainty for the X/Ca ratio of the sample in units of concentration 
(mmol/mol), (X/Ca)SPL-C is the X/Ca ratio of the sample in the same units, σ values are uncertainties 
propagated from internal precision as described by Equation 2.15, ‘SPL-I’ indicates uncertainties and 
ratios of the sample in units of counts per second, ‘STD-I’ indicates uncertainties and ratios of the 
bracketing standard in units of counts per second and ‘STD-C’ indicates uncertainties and ratios of the 
bracketing standard in units of concentration (mmol/mol) which are provided in Section 2.3.3 
‘Bracketing standard’. 
 The different contributors of uncertainty to the total error are therefore: the standard deviation 
provided by the instrument (internal precision) for the 43Ca intensity of the sample; that of the paired 
standard; the internal precision for the other isotope in the ratio ‘X’ (e.g. X = 138Ba); that of the paired 
standard; and the error associated with the creation of the bracketing standard (Table 2.3). Of these, the 
Ca measurements in the sample and X measurements in the sample and standard contribute most of the 
uncertainty, because their relatively low concentrations in the measured solutions result in larger 
internal precision. 
Mg/Ca and Sr/Ca values were maintained in units of mmol/mol. Ba/Ca, Al/Ca and Mn/Ca were 
converted to µmol/mol for ease of use. Their uncertainties were also converted to µmol/mol. 
 
2.3.7 Challenges 
The measurement of trace metal ratios via ICP-MS presented several challenges. On one 
occasion anomalously high barium levels were seen in bracketing standards during a run, causing the 
Ba/Ca of samples to be underestimated. Anomalous barium levels were also observed by other users of 
the laboratory during measurement when using the same mass spectrometer. Given that other users did 
not use the same clean laboratory facilities or sample containers and were measuring different blanks, 
standards and samples, the source of this excess barium may have been associated with the mass 
spectrometer itself. Testing the apparatus, for example by using different cones, capillaries, nebulisers 




instances of other users running high-barium samples prior to measurement which may have resulted 
in residual barium contamination within the apparatus. In summary, the source of this excess barium 
has yet to be determined. In order to minimise the impact of these anomalously high barium levels in 
the bracketing standard on the results of this study, all Ba/Ca results from the run in question have been 
omitted. These discarded data are shown in Figure 2.5. 
 A further challenge experienced during measurement was difficulty in achieving and 
maintaining good signal stability. During tuning, it was often difficult to achieve acceptable signal 
stability despite following the procedures outlined in Section 2.3.1 ‘Instrumental set-up and tuning’. On 
occasion large swings in signal intensity occurred despite no changes to any of the tuning settings 
having been made. This inconsistent signal intensity occasionally caused very high RSD values on 
sample measurements; for example consecutive measurements of the same solution with all settings 
unchanged could give an RSD of 1.5 % followed seconds later by an RSD of 30 %. In an attempt to 
improve the signal stability different nebulisers were used, but these were found to have little effect or 
to cause only short-lived improvements. In case the poor stability was caused by solution contamination, 
wash times were increased and fresh solutions were made on the day of each run, but these measures 
brought little improvement. Changing the sample gas flow speed had an inconsistent impact on signal 
stability; sometimes raising the sample gas flow speed improved stability and other times the reverse 
was true. This difficulty in gaining good signal stability meant that running samples could be risky, as 
the signal stability could deteriorate within a run or during the time in-between sample dissolution and 
sample measurement. In addition to poor stability, sometimes poor signal intensities were observed, 
although this problem was remedied by replacement of the mass spectrometer’s detector. The low signal 
intensities sometimes improved signal stability and other times worsened it. Initially, measurements of 
Li/Ca, Cd/Ca and U/Ca were planned, but because of these problems with signal stability and intensity 
the RSDs of the Li, Cd and U measurements were found to be too high for these data to be interpreted 
and they were thus omitted from the study. 
 
Figure 2.5. Ba/Ca data which were discarded due to high background Ba levels (red data points) 
alongside data which were not affected by this problem (white data points). All data are from M. 





















2.4 Quality assurance 
 The trace metal ratios measured via HR-ICP-MS were screened in several ways to assure data 
quality. Data which did not meet these criteria were objectively discarded and data which satisfied all 
of these requirements are plotted within Chapters 3 to 5. The quality assurance measures are described 
below, as well as techniques used to check method reliability: consistency standards, repeat 
measurements and interlaboratory comparisons. 
 
2.4.1 Data screening 
2.4.1.1 Limit of detection 
Before calculating trace metal ratios, raw intensity data were checked to ensure that all data 
were above the limit of detection of the instrument, defined as: 
limit	of	detection = BI + 3σ%&          (2.19) 
Where BI is the intensity of the blank and σBI is the internal precision for this value (Harris 2010). 
Intensity data which were below the limit of detection were discarded and not used to calculate trace 
metal ratios. In this case, ‘< LoD’, standing for ‘below limit of detection’, was noted down in place of 
a trace metal ratio. 
 
2.4.1.2 Contamination 
Elevated Mn/Ca and Al/Ca ratios can indicate contamination by metal oxides and clays, 
respectively. Samples with a high risk of contamination can be removed by using cut-off limits for 
Mn/Ca (Boyle 1983) and Al/Ca (Ni et al. 2007). A sample was considered contaminated and its data 
discarded if its Mn/Ca ratio was above 3 µmol/mol (for sediment core BC387-2) or 40 µmol/mol (for 
sediment cores GC528 and GC642) or if its Al/Ca ratio was above 50 µmol/mol (GC528) or 60 
µmol/mol (GC642 and BC387-2). The cut-off limits were tailored to each sediment core in order to 
conserve as much data as possible whilst preventing positive correlations between Mn/Ca or Al/Ca and 
Ba/Ca, Mg/Ca or Sr/Ca (see Section 2.4.2 ‘Correlations with Al/Ca, Mn/Ca and matrix effect’). 
 
2.4.1.3 Matrix effects 
Matrix effects are differences in measured trace metal ratios caused by differences in the 
solution matrix. In dissolved foraminifer solutions, calcium ions are most abundant and so matrix effects 
can be assumed to be dependent only on the amount of calcium ions (e.g. Lear et al. 2002). Here, ‘matrix 
effect’ is defined as the percentage difference in 43Ca intensity between a sample and its paired standard, 








Where CaSPL is the blank-corrected 43Ca intensity of the sample and CaSTD is the blank-corrected 43Ca 
intensity of its paired standard. Internal precision was propagated using the following equation: 
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Where σmatrix effect is the propagated uncertainty for the matrix effect, σSPL is the internal precision of the 
43Ca intensity of the sample, σSTD is the internal precision of the 43Ca intensity of the standard, CaSPL is 
the 43Ca intensity of the sample and CaSTD is the 43Ca intensity of the standard. 
 A perfect matrix effect would be zero, but due to the limiting factors of pipettor accuracy and 
instrumental drift it is more feasible to achieve matrix effects of –15 to 15 % (Dr A. Morte-Ródenas, 
pers. com. 2014). Because some data of interest fell outside of this range, the cut-off limit was widened 
to ± 25 % such that only trace metal data with matrix effects larger than 25 % or smaller than –25 % 
were discarded. 
 
2.4.2 Correlations with Al/Ca, Mn/Ca and matrix effect 
To check for significant relationships between trace metal data and contaminants or matrix 
effects, which may indicate that data are biased by these factors, Ba/Ca, Mg/Ca and Sr/Ca are plotted 
against Al/Ca, Mn/Ca and matrix effect (Figure 2.6; Figure 2.7; Figure 2.8) and correlation coefficients 
calculated (Table 2.4). 
There are no significant relationships between Ba/Ca, Mg/Ca or Sr/Ca and Mn/Ca or Al/Ca 
(Table 2.4), confirming that the data are not significantly biased by contamination from clays or metal 
oxides. To test whether the matrix effect cut-off limit of ± 25 % was acceptable, trace metal data were 
also plotted against matrix effects and product moment correlation coefficient values calculated (Figure 
2.6; Figure 2.7; Figure 2.8; Table 2.4). No significant relationships were found between trace metal data 
and matrix effects (Table 2.4), suggesting that increasing the range of matrix effects from ± 15 % to ± 









Figure 2.6. Foraminiferal Ba/Ca plotted against Mn/Ca for sediment cores BC387-2 (A; light blue = 
Melonis barleeanus, dark blue = Uvigerina peregrina, black = Oridorsalis umbonatus), GC528 (B) and 
GC642 (C) and likewise against Al/Ca (D, E and F) and against matrix effect (G, H and I). Product 






Figure 2.7. Foraminiferal Mg/Ca plotted against Mn/Ca for sediment cores BC387-2 (A; light blue = 
Melonis barleeanus, dark blue = Uvigerina peregrina, black = Oridorsalis umbonatus), GC528 (B) and 
GC642 (C) and likewise against Al/Ca (D, E and F) and against matrix effect (G, H and I). Product 









Figure 2.8. Foraminiferal Sr/Ca plotted against Mn/Ca for sediment cores BC387-2 (A; light blue = 
Melonis barleeanus, dark blue = Uvigerina peregrina, black = Oridorsalis umbonatus), GC528 (B) and 
GC642 (C) and likewise against Al/Ca (D, E and F) and against matrix effect (G, H and I). Product 











Table 2.4. Product moment correlation coefficients (R) and their p-values (p). The two parameters 
used to calculate R and p are displayed as horizontal and vertical labels. 
Sediment core, 
species 
 Mn/Ca  Al/Ca  Matrix effect 




Ba/Ca 0.12 0.75  0.39 0.38  0.09 0.81 
Mg/Ca –0.10 0.76  –0.49 0.26  –0.11 0.73 
Sr/Ca 0.64 0.08  0.20 0.71  0.50 0.21 
          
BC387-2 
O. umb. 
Ba/Ca 0.58 0.10  –0.46 0.36  0.12 0.76 
Mg/Ca 0.16 0.67  –0.1 0.82  0.26 0.47 
Sr/Ca 0.03 0.93  0.36 0.42  –0.51 0.13 
          
BC387-2 
U. per. 
Ba/Ca –0.46 0.26  –0.24 0.61  0.52 0.18 
Mg/Ca –0.03 0.93  0.03 0.94  0.59 0.06 
Sr/Ca 0.04 0.92  –0.67 0.07  0.04 0.92 
          
GC528 
M. bar. 
Ba/Ca 0.05 0.86  0.46 0.06  –0.34 0.18 
Mg/Ca 0.31 0.23  0.33 0.20  0.03 0.92 
Sr/Ca 0.09 0.75  0.27 0.30  0.23 0.37 
          
GC642 
M. bar. 
Ba/Ca 0.63 0.18  –0.16 0.77  –0.52 0.29 
Mg/Ca 0.60 0.20  –0.04 0.94  –0.61 0.20 
Sr/Ca –0.05 0.93  –0.13 0.81  –0.08 0.87 
R = 1 indicates a perfect positive linear relationship, R = –1 indicates a perfect negative linear 
relationship and R = 0 indicates no linear relationship. 
The relationship described by R is significant at a 95 % significance level if p is less than 0.05: no 
significant relationships are present. 









2.4.3 Short- and long-term precision 
2.4.3.1 Creation of consistency standard 
A consistency standard to monitor long and short-term precision was created by cleaning and 
then dissolving foraminifera into a solution that could be sampled, diluted and measured as required. 
This approach was taken rather than creating a powdered standard which could be dissolved when 
needed because of the potential contamination introduced by the powdering process, which involves 
close contact with metal surfaces in a non-trace-metal-clean environment (Dr K. Hendry, pers. com. 
2014). Cleaning the foraminifera after powdering would be unviable because foraminifer powder would 
rapidly dissolve and be lost during the cleaning procedure. 
To make the consistency standard, sediment sample S0157 collected during cruise JC094 of the 
RRS James Cook was used because excess sediment was available from this sample and because this 
sediment is rich in foraminifera. Further details of the collection of this sediment sample are provided 
Section 5.3.1 ‘Sample collection’. A mixed selection of different species of planktic and benthic 
foraminifera were picked from the 355 – 425 µm size fraction, with individual weights of approximately 
30 µg. The use of a mixture of different foraminifera gave the consistency standard a composition 
roughly similar to that of a typical foraminifer sample. These were crushed and cleaned using the same 
procedures as for samples as described in Section 2.2 ‘Foraminiferal cleaning procedure’. The cleaned 
foraminifera were then dissolved in 0.075 M Romil ultra-pure nitric acid using the technique described 
in Section 2.3.5 ‘Sample dissolution and measurement’ and combined into one solution, which was 
stored in an acid-cleaned Teflon bottle for long-term storage. 
Prior to the first time the consistency standard was measured, it underwent calcium-matching 
as described in Section 2.3.5 ‘Sample dissolution and measurement’. Calcium-matching dictated that a 
10 ppm Ca solution of consistency standard would result from 13 µl of consistency standard made up 
to a total volume of 2 ml. 
 
2.4.3.2 Short-term precision 
 In each sample run, short-term precision, defined here as the precision within each run, was 
monitored by measuring the consistency standard several times within each run and calculating the 
standard deviation of these measurements. The standard was measured at the start, middle and end of 
relatively long runs, or only at the start and end if the run was relatively short. These measurements are 
displayed in Figure 2.9 and Figure 2.10. Ba/Ca or Sr/Ca are not shown for some runs, where data quality 
assessment was failed (see Section 2.4.3.3 ‘Long-term precision’). Within each run, consistency 
standard measurements remain constant within ± 2σ. The short-term precision per run is displayed in 






Table 2.5. Short-term precision. 
Ratio Date of run Sediment core measured σ µ n 
Ba/Ca 29th March 2015 BC387-2 0.01 1.06 2 
 19th April 2015 BC387-2 0.06 1.16 3 
 18th November 2015 GC528 and GC642 0.03 1.36 3 
 23rd November 2015 GC528 and GC642 0.07 1.61 3 
 4th February 2016 BC387-2 0.04 1.21 3 
      
Mg/Ca 29th March 2015 BC387-2 0.01 4.43 2 
 19th April 2015 BC387-2 0.10 4.51 3 
 24th May 2015 BC387-2 0.03 4.51 2 
 26th June 2015 BC387-2 0.07 4.56 3 
 11th July 2015 BC387-2 0.05 4.43 3 
 18th November 2015 GC528 and GC642 0.04 4.50 3 
 23rd November 2015 GC528 and GC642 0.15 4.45 3 
 4th February 2016 BC387-2 0.07 4.47 3 
      
Sr/Ca 29th March 2015 BC387-2 < 0.01 1.26 2 
 19th April 2015 BC387-2 < 0.01 1.26 3 
 24th May 2015 BC387-2 0.06 1.21 2 
 26th June 2015 BC387-2 0.01 1.27 3 
 18th November 2015 GC528 and GC642 0.01 1.27 3 
 23rd November 2015 GC528 and GC642 0.05 1.28 3 
 4th February 2016 BC387-2 < 0.01 1.27 3 
σ = short-term precision, µ = mean, n = number of samples used in calculation. σ and µ are in units 
of µmol/mol for Ba/Ca and mmol/mol for Mg/Ca and Sr/Ca. Data used to calculate these values are 







Figure 2.9. Consistency standard measurements from the start, middle and end of runs on the dates 
shown. These runs measured samples from sediment core BC387-2 (for core details see Section 3.3.1 
‘Sediment collection and oceanographic setting’). No mid-run measurement was made when a run was 
relatively short. Ba/Ca and Sr/Ca data are omitted where Ba/Ca and Sr/Ca results were discarded in 








Figure 2.10. Consistency standard measurements from the start, middle and end of runs on the dates 
shown. These runs measured samples from sediment cores GC528 and GC642 (for core details see 
Section 4.3.1 ‘Sediment collection and oceanographic setting’). The short-term precision per run is 
provided in Table 2.5. 
 
2.4.3.3 Long-term precision 
Long-term precision, across several days to months, was monitored by calculating the standard 
deviation across consistency standards from all runs, per trace element ratio (Figure 2.11; Figure 2.12; 
Figure 2.13). Data were averaged per run before calculating the long-term precision. (Figure 2.11, 
Figure 2.12 and Figure 2.13 show the un-averaged data, with each date representing one run). The long-
term precision across all measurements is σ = 0.19 µmol/mol for Ba/Ca, σ = 0.04 mmol/mol for Mg/Ca 
and σ = 0.02 mmol/mol for Sr/Ca (Table 2.6). Long-term precision per sediment core is provided in 
Table 2.6. Each run from which foraminiferal trace metal data were collected is represented by at least 
one accompanying consistency standard measurement within the long-term precision calculation. 
Foraminifer sample data were discarded and their accompanying consistency standard measurements 
omitted from the long-term precision calculation if trace element data were found to be anomalously 
high, likely reflecting contamination, or if their uncertainties were very large, which could be caused 





Figure 2.11. Long-term Ba/Ca measurements in consistency standards: A) runs where samples from 
sediment core BC387-2 were measured; B) runs where samples from sediment cores GC528 and 642 
were measured; and C) measurements from all runs. Details of sediment core BC387-2 are provided in 
Section 3.3.1 ‘Sediment collection and oceanographic setting’ and details of sediment cores GC528 and 
GC642 are provided in Section 4.3.1 ‘Sediment collection and oceanographic setting’. The dates shown 
are all in the year 2015, except for 4th February which is in the year 2016. Each date represents one run. 
Long-term precision, calculated by averaging each run and then calculating the standard deviation 






Figure 2.12. Long-term Mg/Ca measurements in consistency standards: A) runs where samples from 
sediment core BC387-2 were measured; B) runs where samples from sediment cores GC528 and 642 
were measured; and C) measurements from all runs. Details of sediment core BC387-2 are provided in 
Section 3.3.1 ‘Sediment collection and oceanographic setting’ and details of sediment cores GC528 and 
GC642 are provided in Section 4.3.1 ‘Sediment collection and oceanographic setting’. The dates shown 
are all in the year 2015, except for 4th February which is in the year 2016. Each date represents one run. 
Long-term precision, calculated by averaging each run and then calculating the standard deviation 






Figure 2.13. Long-term Sr/Ca measurements in consistency standards: A) runs where samples from 
sediment core BC387-2 were measured; B) runs where samples from sediment cores GC528 and 642 
were measured; and C) measurements from all runs. Details of sediment core BC387-2 are provided in 
Section 3.3.1 ‘Sediment collection and oceanographic setting’ and details of sediment cores GC528 and 
GC642 are provided in Section 4.3.1 ‘Sediment collection and oceanographic setting’. The dates shown 
are all in the year 2015, except for 4th February which is in the year 2016. Each date represents one run. 
Long-term precision, calculated by averaging each run and then calculating the standard deviation 













Table 2.6. Long-term precision. 
Ratio Sediment core measured during runs σ µ n 
Ba/Ca All 0.19 1.27 6 
BC387-2 0.07 1.16 4 
GC528 and GC642 0.18 1.48 2 
     
Mg/Ca All 0.04 4.48 9 
BC387-2 0.05 4.49 7 
GC528 and GC642 0.04 4.48 2 
     
Sr/Ca All 0.02 1.26 8 
BC387-2 0.02 1.25 6 
GC528 and GC642 0.01 1.28 2 
σ = long-term precision, µ = mean, n = number of samples used in calculation. 
σ and µ are in units of µmol/mol for Ba/Ca and mmol/mol for Mg/Ca and Sr/Ca. 
Data were averaged per run before calculating these values. Un-averaged data are shown in Figure 
2.9, Figure 2.10, Figure 2.11, Figure 2.12 and Figure 2.13. 
Details of sediment core BC387-2 are provided in Section 3.3.1 ‘Sediment collection and 
oceanographic setting’ and details of sediment cores GC528 and GC642 are provided in Section 
4.3.1 ‘Sediment collection and oceanographic setting’. 
 
2.4.4 Counting statistics 
 The uncertainty from counting statistics shows the maximum possible precision achievable 
given the count rate of the detector. The uncertainty of the count rate is as shown: 
I ± absolute	uncertainty = I ± √&√ = I ± I ×&           (2.22) 
I ± relative	uncertainty = I	± √/0 = I ± ,12	(	13          (2.23) 
Where I is count rate, t is time in seconds and count rate multiplied by time = counts per second. The 
maximum possible counts per second detected was 107 cps; this would contribute a relative uncertainty 
of approximately 3.1 x 10–2 % to the overall uncertainty. The minimum counts detected was 
approximately 50,000 cps (typical cps at the top of the 138Ba peak when instrumental sensitivity was 
relatively low); this would contribute approximately 4.5 x 10–1 % to the overall relative uncertainty. 
Given that typically the internal precision of a ratio is 1 – 5 %, counting uncertainty is only a minor 




2.4.5 Full replicates 
 Full replicates of samples are repeat measurements from the same sediment horizon using 
different batches of foraminifera of the same size fraction and species. In Chapters 3 to 5, wherever 
repeat measurements are plotted these are full replicates. 
 
2.4.6 Interlaboratory comparison 
 Interlaboratory comparisons were made between: the Bristol Isotope Group in the School of 
Earth Sciences, University of Bristol and the School of Earth and Ocean Sciences, Cardiff University 
(BRIS and CARD); and between the Bristol Isotope Group in the School of Earth Sciences, University 
of Bristol and the WHOI Plasma Facility and Department of Marine Chemistry and Geochemistry, 
Woods Hole Oceanographic Institution (BRIS and WHOI). Interlaboratory precision was calculated as 
the standard deviation of full replicates of foraminifera samples measured at these different institutions: 
Orbulina universa from size fraction 355 – 425 µm for the BRIS-WHOI comparison; and Oridorsalis 
umbonatus from size fraction 250 – 355 µm for the BRIS-CARD comparisons. The O. universa 
foraminifera were picked from sediment sample S0157 and the O. umbonatus foraminifera were picked 
from sediment core BC387-2. Collection details and locations of these samples are provided in Section 
5.3.1 ‘Sample collection’ and Section 3.3.1 ‘Sediment collection and oceanographic setting’, 
respectively. All foraminifer samples were cleaned using the procedures described in Section 2.2 
‘Foraminiferal cleaning procedure’ prior to measurement. Samples measured at BRIS and WHOI were 
cleaned at the School of Earth Sciences, University of Bristol and CARD samples were cleaned at the 
School of Earth and Ocean Sciences, Cardiff University using an identical cleaning procedure. A 
summary of techniques and instruments used to collect data and calculate uncertainties at the different 
institutions is presented in Table 2.7. Mg/Ca and Sr/Ca were not measured at WHOI, so only Ba/Ca is 
compared. The measured data are displayed in Figure 2.14. All measurements agree within ± 2σ 
(uncertainties propagated from internal precision in the case of BRIS and CARD data and representative 
uncertainty for the WHOI data; Table 2.7). The interlaboratory precision is 0.02 µmol/mol for Ba/Ca 














Table 2.7. Instruments and techniques used to measure Ba/Ca ratios at three institutions. 
 BRIS CARD WHOI 
Instrument Thermo Finnigan 
Element 2 
HR-ICP-MS 











Similar to BRIS, using 
Cardiff’s in-house 
bracketing standard and 
method file. Calculation of 
trace metal ratios identical 
to BRIS 
Ba content determined by 
double-spiking method of 
Horner et al. 2015 and 
ratioed to Ca using total 
weight of foraminifer 
sample b  
Uncertainty 
calculation 
As described in 
Section 2.3.6 
‘Calculation of trace 
metal ratios’ 
Identical to BRIS except 
without uncertainties on 
bracketing standard 
composition a 
No error bar is shown 
because the internal 
precision resulting from 
this technique was 
sufficiently small as to be 
negligible (Dr T. Horner, 
pers. com. 2015) b 
BRIS = Bristol Isotope Group in the School of Earth Sciences, University of Bristol; CARD = 
School of Earth and Ocean Sciences, Cardiff University; WHOI = WHOI Plasma Facility and 
Department of Marine Chemistry and Geochemistry, Woods Hole Oceanographic Institution. a) 
These are negligible compared to other contributors to the overall error. b) A detailed description of 






Figure 2.14. Interlaboratory comparisons of foraminiferal trace metal ratios: A) Ba/Ca (Orbulina 
universa); B) Ba/Ca; C) Mg/Ca and D) Sr/Ca (B – D: Oridorsalis umbonatus). ‘BRIS’ = the Bristol 
Isotope Group in the School of Earth Sciences, University of Bristol, ‘CARD’ = the School of Earth 
and Ocean Sciences, Cardiff University and ‘WHOI’ = the Department of Marine Chemistry and 
Geochemistry, Woods Hole Oceanographic Institution. No error bar is shown for the WHOI Ba/Ca ratio 
(A) because the internal precision resulting from this technique was sufficiently small as to be negligible 
(Dr T. Horner, pers. com. 2015). 
 
2.5 Conclusions 
In this chapter the full method for cleaning foraminifer samples prior to the measurement of trace 
metal ratios has been described, which builds upon the cleaning procedure of the School of Earth and 
Ocean Sciences, Cardiff University by including a barite-removal step using DTPA (Lea & Boyle 
1993). Also described are the mass spectrometry methods used to measure trace metal ratios during this 
project, along with some of the challenges associated with these methods. Elsewhere in this thesis, 
where trace metal data are presented their methods sections will refer back to this chapter. Lastly, the 
measures taken to ensure data quality during this project have been described. These measures minimise 
the risk of contamination by clays or metal oxides and ensure that matrix effects are limited. It has also 
been demonstrated that despite the challenges encountered during sample measurement, short- and 
long-term precisions are acceptable across this study and the measurement techniques compare well 
with those of other institutions. Overall, these measures give confidence in the trace metal data which 












Benthic foraminiferal Ba/Ca ratios have been used as a proxy for seawater barium concentration 
and alkalinity, but this proxy may be compromised by factors such as post-depositional dissolution of 
foraminifera, local perturbations in barium cycling, differences in barium uptake between species and 
contamination by marine barite. In this chapter, these potential caveats are investigated using box core 
sediments from the southwest Atlantic Ocean. Foraminiferal Sr/Ca ratios and XRF data indicate that 
post-depositional dissolution is not prevalent in the sediment core studied here, so the impact of 
dissolution on foraminiferal Ba/Ca cannot be considered. However, stable isotope data in combination 
with foraminiferal Ba/Ca suggest that Ba/Ca ratios remain constant in this core despite down-core 
fluctuations in productivity. This suggests that the Ba/Ca proxy remains robust despite local variability 
in barium cycling. In addition, new barium partition coefficients are calculated for three species of 
benthic foraminifera: Melonis barleeanus, Oridorsalis umbonatus and Uvigerina peregrina. A simple 
modelling study shows that these values are highly sensitive to the barium concentration used in their 
calculation and that this effect is greater for higher foraminiferal Ba/Ca values. In addition, scanning 
electron microscopy and cleaning studies are used to investigate barite contamination and its removal. 
Whilst the impact of cleaning barite from foraminifera on their Ba/Ca ratios is variable, as found by 
previous authors, scanning electron microscopy suggests that the barite cleaning technique is effective 






















 Ba/Ca ratios in the calcium carbonate of benthic foraminifera have been used to reconstruct 
seawater barium concentrations and thus used as a proxy for ocean circulation and seawater alkalinity 
(Hall & Chan 2004b; Lea & Boyle 1990a; Lea & Boyle 1990b; Lea 1990; Lea 1993; Lea 1995). Further 
studies of the potential caveats of this proxy may contribute towards improving its accuracy in 
determining past oceanic conditions, thus improving its value as a palaeoclimatological tool. Questions 
have been raised about the appropriateness of this proxy in shelf environments where the relationship 
between barium and carbonate cycling may be different to that of the global ocean on average (Rubin 
et al. 2003). It is also necessary to ascertain whether each species of foraminifer records bottom water 
[Ba] or porewater [Ba] and to accurately determine the uptake rate of barium into foraminiferal calcium 
carbonate for each species. Studies of post-depositional effects on Ba/Ca ratios would also be beneficial, 
including the effect of dissolution on foraminiferal Ba/Ca and the impact of contamination by marine 
barite. In this chapter, these potential caveats are investigated using three species of benthic foraminifera 
(Melonis barleeanus, Oridorsalis umbonatus and Uvigerina peregrina) in a sediment core from the 




3.3.1 Sediment collection and oceanographic setting 
Box core BC387 was collected during cruise JR112 of the RRS James Clark Ross on 13th 
December 2004 (Prof R. Rickaby, pers. com. 2013). The box corer was deployed opportunistically 
during a detour from the expected route caused by sea ice (Brandon 2005). BC387 was collected from 
a water depth of 586 m at 53º9.0’S, 58º39.0’W, near the Falkland Islands in the South Atlantic Ocean 
(Figure 3.1). Upon recovery of the box core, five sub-cores were taken from it using piston core tube 
linings trimmed to 75 cm, of which BC387 sub-core 2 (hereafter referred to as BC387-2) was one (Prof 
R. Rickaby, pers. com. 2013). BC387-2 comprised approximately 26 cm of sediment. Subsequent to 
the cruise it was stored intact at 4 ºC in the Oast House repository of the University of Cambridge. 
The collection site of BC387-2 is located close to Burdwood Bank, a highly-productive region 
(Schejter et al. 2016). Typical seafloor temperatures are 4 – 5 ºC (Schejter et al. 2016). This site is to 
the north of the Antarctic Circumpolar Current (ACC), in the Subantarctic Zone (Brown et al. 2004). A 
branch of the ACC known as the Falklands Current or Malvinas Current flows northwards over the 
sample site, following the contours of the continental shelf (Piola & Gordon 1989; Peterson 1992; Piola 
& Matano 2009; Piola et al. 2010; Piola et al. 2013). The influence of this current extends to 
approximately 2000 m (Peterson 1992), hence the sample site (which is at 585.59 m water depth) is 
bathed in waters of similar properties to those of the upper ACC (Peterson 1992), namely Antarctic 
Surface Water (ASW) (Brown et al. 2004). ASW derives from the freshening of upwelled North 





Figure 3.1. Location of box core BC387. 
 
3.3.2 Foraminifer picking 
Sediment core BC387-2 was extruded into 1 cm slices with the assistance of the Sedimentary 
Laboratory at the Godwin Laboratory for Palaeoclimate Research, University of Cambridge. At the 
School of Earth and Ocean Sciences, Cardiff University, a portion of each of the 1 cm sediment slices 
was separated into coarse (> 63 µm) and fine (< 63 µm) grain-size fractions by wet sieving and gravity 
settling, then oven-dried at 45 ºC for several days until completely dry. Foraminifera were picked from 
sieved grain-size fractions using a wetted brush (reverse-osmosis purified (RO) water was used) under 
an optical microscope. 
Three species were picked: Melonis barleeanus, Oridorsalis umbonatus and Uvigerina 
peregrina. These species were chosen because they are all benthic, and hence appropriate for 
investigating the Ba/Ca proxy for seawater [Ba] and alkalinity which relies on benthic foraminifera, yet 
have differing morphologies and habitats. M. barleeanus is planispiral and lives entirely infaunally at 1 
– 6 cm below the sediment-water interface (Corliss 1985; Corliss 1991; Buzas et al. 1993), whereas O. 
umbonatus is trochospiral and lives at 0 – 4 cm (Rathburn & Corliss 1994) and U. peregrina is triserial 
can live at 0 – 10 cm (Loubere & Gary 1990; Corliss 1991; Buzas et al. 1993) although it is most 
abundant at depths 0.5 – 1 cm (Tachikawa & Elderfield 2002). These microhabitats should be 
considered susceptible to change rather than immutable (e.g. Buzas et al. 1993) because infaunal benthic 
foraminifera may migrate to different depths depending on where the most favourable conditions for 
growth are found (Tachikawa & Elderfield 2002). Several morphotypes of U. peregrina were present, 
but despite these morphological variations U. peregrina is genetically a single species (Schweizer et al. 




measured, rather than separating them by morphotype prior to measurement. A further consideration 
was that these three species were all available in sufficient quantities for analysis in size fraction 250 – 
355 µm, which is more convenient for picking than smaller size fractions. Although epifaunal species 
would have been preferable for reconstructing bottom water properties, these were not available in 
sufficient quantities for analysis. 
 
3.3.3 Trace metals 
 Ba/Ca, Mg/Ca and Sr/Ca ratios were measured at sediment depths between 0 and 24 or 25 cm 
for each of the three species (M. barleeanus, O. umbonatus and U. peregrina), using the methods 
detailed in Chapter 2 ‘Trace Metal Methods’. These methods comprised: a cleaning procedure to 
remove clays, metal oxides, organic matter and barite from foraminifer samples; measurement of 
isotope intensities via inductively coupled plasma mass spectrometry using a Thermo Finnigan Element 
2; offline calculation of trace metal ratios; and conversion to units of concentration via measurements 
of a custom-made bracketing standard. All replicates shown are full replicates (a completely separate 
set of foraminifera). In addition, some samples were cleaned with the barite removal step omitted, 
facilitating the comparison of DTPA-cleaned with non-DTPA-cleaned foraminifera. 
 
3.3.4 Temperatures 
Mg/Ca ratios were used to calculate temperature estimates. Several calibrations exist for 
converting U. peregrina and Uvigerina spp. Mg/Ca ratios into temperatures (Elderfield et al. 2010). 
The most applicable calibrations for U. peregrina at the BC387-2 site are those which encompass the 
temperature range of bottom waters at this site (approximately 4 – 5 ºC (Schejter et al. 2016)) and which 
used reductive cleaning prior to measurement. These are Equation 3.1 (Bryan & Marchitto 2008) and 
Equation 3.2 (Elderfield et al. 2006): 
45
 = 0.86 ± 0.04 + (0.071 ± 0.005 × T)          (3.1) 
45
 = 0.91 ± 0.06 + (0.065 ± 0.011 × T)          (3.2) 
Melonis barleeanus Mg/Ca ratios can be converted into temperatures using the calibration of 
Kristjánsdóttir et al. 2007 (Equation 3.3): 
45
 = 0.658 ± 0.07 × e.6±.×          (3.3) 
Mg/Ca ratios from Oridorsalis umbonatus may be converted into temperatures using the following 
equations of Lear et al. 2015 (Equation 3.4 and Equation 3.5), assuming a modern seawater Mg/Ca 
value of 5.2 mol/mol (Dickson 2002; Horita et al. 2002; Coggon et al. 2010): 
45
 = 0.66 ± 0.08 × 5.2.±.7 × e.8±.×          (3.4) 
45





3.3.5 Oxygen and carbon isotope ratios 
 Approximately 50 – 60 µg of foraminifera per measurement were crushed between two RO 
water cleaned glass slides under an optical microscope and then placed in acid-cleaned 500 µl 
microcentrifuge vials. Foraminifer fragments were then ultrasonicated for 5 minutes in approximately 
400 – 500 µl methanol and rinsed twice with Milli-Q water. Sample vials were left open under a clean 
protective guard in a clean fume hood area to dry down completely before measurement. δ18O and δ13C 
were measured at the School of Earth and Ocean Sciences, Cardiff University using a Thermo Scientific 
Kiel IV Carbonate Device with Thermo Scientific MAT 253 isotope ratio mass spectrometer. This 
instrument has a long-term precision of σ = 0.050 ‰ for δ18O and σ = 0.022 ‰ for δ13C (n = 202) using 
a Carrara marble standard (Dr S. Nederbragt, pers. com. 2015). All isotope ratios were calculated 
relative to Vienna Pee Dee Belemnite (VPDB). 
 
3.3.6 Scanning electron microscopy and energy-dispersive x-ray spectroscopy 
SEM micrographs of foraminifera (M. barleeanus, O. umbonatus and U. peregrina) were taken 
at the British Ocean Sediment Core Research Facility in the National Oceanography Centre, University 
of Southampton using a Hitachi TM1000 Tabletop Microscope. This microscope does not require 
samples to be coated. Samples were mounted on specimen stubs by attaching them to carbon adhesive 
discs (Leit tabs) using a wetted brush. SEM micrographs were taken of uncrushed foraminifera that 
were: a) uncleaned; b) cleaned but without performing the barite removal step; and c) fully cleaned 
using the procedure detailed in Section 2.2 ‘Foraminiferal cleaning procedure’. EDS spectra were 
collected using the aforementioned Hitachi TM1000 Tabletop Microscope with Hitachi SwiftED-TM 
attachment. Spectra were measured on cross-hair targeted areas of uncleaned M. barleeanus and O. 
umbonatus, using a 240 s acquisition time. Surfaces of barite-like particles were targeted in addition to 
the calcium carbonate surfaces of the foraminifera. Several repeat measurements were acquired per site 
to ensure that spectra were reproducible. SEM images were taken of the areas targeted by EDS, showing 
the exact placement of the cross-hairs. 
 
3.3.7 X-ray fluorescence 
At the Sedimentary Laboratory in the Godwin Laboratory for Palaeoclimate Research, 
University of Cambridge, subsamples of each of the 1 cm slices of BC387-2 were assembled into a U-
channel and bulk elemental composition measured by x-ray fluorescence using an Avaatech XRF Core 
Scanner. The XRF scanner also obtained colour data and an image. Colour data were used to crop the 
dataset to the sediment area (Figure 3.2). Care was taken to crop edge effects out of the data. XRF 
scanner positions were linearly converted into sediment depths, using the assumption that the U-channel 
was perfectly assembled into 1 cm horizons. The XRF data were collected at 0.25 cm resolution, 




resolution is 1 cm. The data were therefore averaged into 1 cm horizons, treating the data as repeat 
measurements per 1 cm. The elements measured at each energy level (10, 30 and 50 kV) are displayed 
in Figure 3.3. When an element was measured at multiple energies, the data with higher counts were 
used. This was 30 kV in all cases (Fe, Cu, Br, Rb, Sr, Zr and Pb). Silver measurements were discarded 
due to the presence of silver in the detector of the XRF scanner. Overall, these selection criteria 
precipitate the suite of elements displayed in Figure 3.4. XRF ratios were calculated by dividing pre-
averaged elemental data. 
 
3.3.8 Gamma-ray spectroscopy 
 Portions of un-sieved bulk sediment from every other 1 cm sediment horizon between 0 and 11 
cm, horizon 14 – 15 cm and horizon 24 – 25 cm were oven-dried at 45 ºC and then gently disaggregated 
using an agate pestle and mortar at the School of Earth and Ocean sciences, Cardiff University. 210Pb, 
214Pb, 7Be and 137Cs activities in the sediments were measured using a Canberra well-type ultra-low 
background high-purity germanium gamma ray spectrometer (Prof A. Cundy, pers. com. 2013) at the 
School of Environment and Technology, University of Brighton. Spectra were accumulated and 
analysed using a 16K channel integrated multichannel analyser and the Genie 2000 system, using a 
count time of 150,000 seconds (Prof A. Cundy, pers. com. 2013). The detection limits for 210Pb and 
137Cs were typically approximately 15 and 5 Bq/kg, respectively (Prof A. Cundy, pers. com. 2013). The 
data were calibrated and checked using the radionuclide standard QCYK8163 held in bentonite clay 







    Figure 3.2. Image of sediment core BC387-2 and RGB colour data. The colour data were used 
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Figure 3.4. Truncated periodic table displaying the elements measured by x-ray fluorescence that may 








3.4.1 Foraminifer results 
 Ba/Ca, Mg/Ca and Sr/Ca of fully-cleaned O. umbonatus, M. barleeanus and U. peregrina are 
presented in Figure 3.5 (A, B and C). Trace metal data of non-DTPA-cleaned foraminifera are plotted 
alongside their fully-cleaned equivalents in Figure 3.6. All plotted trace metal data satisfy the 
requirements stipulated in Section 2.4 ‘Quality assurance’ which ensure that data are not adversely 
affected by matrix effects or contamination by clays and metal oxides. The long-term precision is σ = 
0.19 µmol/mol for Ba/Ca, σ = 0.04 mmol/mol for Mg/Ca and σ = 0.02 mmol/mol for Sr/Ca (see Section 
2.4.3 ‘Short- and long-term precision’). Mg/Ca-derived temperatures calculated using Equations 3.1 to 
3.5 are displayed in Figure 3.5 (D). The Mg/Ca data used to calculate these temperatures are displayed 
in panel B of the same figure. δ18O and δ13C for each species (O. umbonatus, M. barleeanus and U. 
peregrina) are presented in Figure 3.5 (E and F). 
 
3.4.2 X-ray fluorescence 
 The full suite of XRF data is provided in Appendix A. Selected XRF ratios (Fe/Al, Cu/Al and 
S/Al which correlate positively with diagenesis and Ca/Al, Si/Al and Ba/Al which correlate positively 
with productivity) are presented in Figure 3.5 (G). 
 
3.4.3 Scanning electron microscopy and energy-dispersive x-ray spectroscopy 
SEM micrographs are presented as composites containing images of the three species O. 
umbonatus, M. barleeanus and U. peregrina. Figure 3.7 shows uncleaned foraminifera and a more 
magnified view of these, whilst Figure 3.8 shows non-DTPA-cleaned foraminifera alongside fully-
cleaned foraminifera. 
Representative EDS spectra, along with SEM images showing the targeted sites, are presented 
for: a) the surface of a potential barite particle; and b) the shell surface of the O. umbonatus specimen 
that this barite-like particle was located upon (Figure 3.9). Repeat measurements were taken from the 
same position to ensure that the EDS spectra are representative; these are provided in Appendix B. 
Additional EDS spectra were collected from the same foraminifer, from a specimen of M. barleeanus 
and from several barite-like particles of similar size and appearance to the particle shown in Figure 3.9. 
These results agree closely with those presented in Figure 3.9 and are also included in Appendix B. 
 
3.4.4 Gamma-ray spectroscopy 
 Measured 210Pb and 214Pb activities are displayed in Table 3.1. 7Be and 137Cs were below 





Figure 3.5. A) Ba/Ca; B) Mg/Ca; C) Sr/Ca; D) Mg/Ca-derived temperatures, using the temperature 
calibrations of Kristjánsdóttir et al. 2007 (M. barleeanus, light blue circles), Lear et al. 2015 (O. 
umbonatus, black circles for their exponential equation and black triangles for their linear equation), 
Bryan & Marchitto 2008 (U. peregrina, dark blue circles) and Elderfield et al. 2006 (U. peregrina, dark 
blue triangles); E) δ18O; F) δ13C; and G) XRF ratios. All data are from sediment core BC387-2. Vertical 
error bars are ± 2σ (internal precision). XRF ratios are normalised and offset for visual clarity. Open 








Figure 3.6. Ba/Ca, Mg/Ca and Sr/Ca of foraminifera cleaned: a) whilst omitting the DTPA step that 
removes barite (‘without DTPA’); and b) using the full cleaning procedure (‘with DTPA’). All repeat 






Figure 3.7. SEM images of uncleaned foraminifera. The species are (from top to bottom) Melonis 
barleeanus, Oridorsalis umbonatus and Uvigerina peregrina. The images on the left are higher-






Figure 3.8. SEM images of foraminifera that have been cleaned: a) whilst omitting the DTPA step that 
removes barite (right); and b) using the full cleaning procedure (left). The species are (from top to 
bottom) Melonis barleeanus, Oridorsalis umbonatus and Uvigerina peregrina. Additional SEM images 







Figure 3.9. EDS spectra of a particle with the appearance of barite (left) and the calcium carbonate shell 
of the same O. umbonatus specimen (right), accompanied by SEM images showing the EDS-targeted 
locations (indicated by cross-hairs). wt % = weight %. 
 
 
Table 3.1. Activities of radionuclides in sediment core BC387-2. 
Depth (cm) Sed. Weight (g) 210Pb (Bq/kg) 214Pb (Bq/kg) 137Cs (Bq/kg) 7Be (Bq/kg) 
0 – 1 3.00 97 ± 12 27 ± 2.3 BDL BDL 
2 – 3 3.01 72 ± 8.6 24 ± 2.1 BDL BDL 
4 – 5 3.15 67 ± 6.4 29 ± 1.3 BDL BDL 
6 – 7 3.02 52 ± 4.1 34 ± 1.0 BDL BDL 
8 – 9 3.06 32 ± 3.0 32 ± 0.8 BDL BDL 
10 – 11 3.00 24 ± 2.6 34 ± 0.9 BDL BDL 
14 – 15 3.04 14 ± 2.6 28 ± 0.8 BDL BDL 
24 – 25 3.05 21 ± 2.7 31 ± 0.9 BDL BDL 






3.5.1 BC387-2 age model 
210Pb and 214Pb activities were used to create an age model for core BC387-2. 210Pb is generated 
within the sediment by the decay of 226Ra. When this ‘supported’ Pb is subtracted away from the total 
amount, this reveals the remaining ‘unsupported’ 210Pb (also known as ‘excess’ 210Pb) which must have 
been supplied by the water column via sedimentation. The accumulation of this excess 210Pb can be 
used to estimate a sedimentation rate and thereby construct an age model for a sediment core, using the 
following equation to calculate age: 
age	years = 3	()3))1	(	 !          (3.6) 
 The activity of supported 210Pb in the sediment core was estimated by the average 210Pb within 
the core region where 210Pb has become roughly constant with depth. The three deepest values (at 
sediment horizons 10 – 11, 14 – 15 and 24 – 25 cm) were used, yielding an average 210Pb of 20 ± 2.6 
Bq/kg (Table 3.1). 214Pb was used to verify this value. Because 214Pb is also a daughter of 226Ra, it should 
be present in sediment in the same amounts as supported 210Pb. In reality 214Pb provides only a rough 
estimate of what supported 210Pb should be, because samples were not kept in air-tight conditions during 
analysis and so radioactive equilibrium is unlikely to have been preserved (Prof A. Cundy, pers. com. 
2013). The 214Pb activities are roughly similar to 20 Bq/kg, and therefore corroborate the above estimate 
of supported 210Pb activity (Table 3.1). 
 Unsupported 210Pb activity was calculated by first subtracting 20 Bq/kg (the activity of 
supported 210Pb) from all 210Pb values (Table 3.2). Next, the activities were adjusted to the time of 
sediment core collection, to account for the ongoing radioactive decay of 210Pb in the sediment from the 
time of collection to the time of analysis (Table 3.2). To back-calculate the activity of 210Pb in the 
sediment at the time of its collection, the following equation was used: 
N(t) = Ne'9          (3.7) 
Where N(t) = the quantity of 210Pb remaining in the sediment, N0 = the initial quantity of 210Pb i.e. at 
the time of sediment collection, λ = the decay constant of 210Pb and t = the time elapsed from collection 
to analysis. BC387-2 was collected 13th December 2004, and the 210Pb measurements made during 
December 2013, therefore t = 9 years. 
 A sedimentation rate for BC387-2 is estimated using the model of Henderson et al. 1999, which 
takes into account the effect of bioturbation on sediments. The model is described by the following 
equation: 
A = Ae '√-8:9:  z          (3.8) 
Where A = unsupported 210Pb, A0 = unsupported 210Pb at the sediment-water interface, w = 
sedimentation rate, D = mixing rate, λ = the decay constant of 210Pb and z = depth from the sediment-




fit of a theoretical curve (‘A’) to the 210Pb data (using the time-adjusted excess 210Pb, shown in Table 
3.2). Mixing rate was varied between 0.01 and 400 in steps of 0.01 (units of cm2/year). 400 cm2/year 
was used as an estimate of an extreme upper limit for a mixing rate (Teal et al. 2008), an increment of 
0.01 was used because this is the minimum step that can be used whilst maintaining two significant 
figures, and a lower threshold of 0.01 cm2/year was used because a negative mixing rate is illogical and 
a value of zero is not possible in this model (mixing rate being within the denominator of a fraction), 
therefore 0.01 is the minimum possible value at two significant figures. Simultaneously, for each value 
of D in turn, sedimentation rate was varied from 0.01 to 1 in steps of 0.01 (units of cm/year). 1 cm/year 
was used as the upper limit because 0.1 cm/year is approximately the maximum expected sedimentation 
rate for a coastal or continental shelf region (Ruddiman 2001), so a value of 1, being an order of 
magnitude higher than that, should provide an extreme upper estimate. The minimum value and 
increment for sedimentation rate were selected using the same criteria as for the mixing rate. As the 
mixing rate and sedimentation rate were varied, the coefficient of determination (R2) was calculated 
between the resultant theoretical 210Pb curves (A) and the measured 210Pb data. The combination of 
mixing rate and sedimentation rate which produced the best possible fit of ‘A’ to the measured data 
(denoted by the R2 value closest to 1) was taken as the best estimate of mixing rate and sedimentation 
rate for this core. These values were found to be a mixing rate of 0.3 cm2/year and a sedimentation rate 
of 0.16 cm/year, with R2 of approximately 0.975. 
To gauge an estimate of uncertainty for these values, age-depth relationships from the 
sedimentation rates of the top five R2 values are plotted (Figure 3.10). This range in sedimentation rate 
from 0.07 to 0.18 cm/year creates an age difference of approximately 220 years at the base of the core 
(ages ranging from approximately 140 to 360 years at sediment depth 25 – 26 cm). An alternative 
visualisation of the range of possible sedimentation rates is provided by plotting the highest R2 value 
found per sedimentation rate (Figure 3.11). From this it can be seen that for sedimentation rates of 0.01 
to 0.21 cm/year the maximum R2 appears to remain constant. In this plateau region of the curve, the R2 
values differ by a maximum of 5.1 x 10–5, which is arguably negligible. From this it could be argued 
that the sedimentation rate is best represented by the range 0.01 – 0.21 cm/year, rather than a specific 
value from within that range. This range in sedimentation rates produces sediment ages of 
approximately 120 – 2500 years at the base of the core. 
From these observations it can be concluded that, although there is considerable uncertainty 
involved in assigning precise ages to this sediment core using this method, it is likely to be entirely late 
Holocene in age. The nearby sediment core GC528 (53º0.8’S, 58º2.4’W, depth = 598 m) (Roberts et al. 
2016) has a sedimentation rate of approximately 0.01 cm/year (Roberts et al. 2016), suggesting that the 
true age of BC387-2 lies closer to the older end of the predicted range. Because the best possible age 
estimate of this sediment core is debateable, data are plotted against depth rather than age. 
The activities of 137Cs and 7Be were measured in addition to 210Pb and 214Pb, but were below 




detonations and can be used to date sediments by providing a tie-point to the mid-1960s, when most 
137Cs fallout was generated. This can be used to corroborate the sediment age provided by 210Pb. In 
gamma-ray spectroscopy, detection limits depend on sample mass and counting time (Prof A. Cundy, 
pers. com. 2013) so it is possible that 137Cs could be measured in BC387-2 given a larger sample mass 
and/or counting time. However, 137Cs is present only in very small amounts in the Southern Hemisphere 
so it may be that 137Cs is not measurable in this region without great effort (e.g. Henkel et al. 2011; 
Tsumune et al. 2011). For this reason and because 137Cs measurement was not a priority for this study 
re-measurement was not undertaken. 7Be is a cosmogenic nuclide that can be used to date sediments in 
the same way as unsupported 210Pb (its supply rate being indicative of sedimentation rate). This too can 
be used to corroborate 210Pb-derived ages. 7Be likely fell below detection limit because of its short half-
life of 53 days: over the nine years that BC387-2 has been in storage, it is likely that 7Be has decayed 
away sufficiently such that it is now too scarce to be measured. Whilst 137Cs and 7Be would have 
provided beneficial information, their measurement was not essential due to the alternative verification 







Table 3.2. Calculated values of time-adjusted excess 210Pb in sediment core BC387-2. 




Time-adjusted excess 210Pb 
(Bq/kg) 
0 – 1 97 ± 12 77 ± 15 100 ± 20 
2 – 3 72 ± 8.6 52 ± 11 69 ± 15 
4 – 5 67 ± 6.4 47 ± 9.0 62 ± 12 
6 – 7 52 ± 4.1 32 ± 6.7 42 ± 9.0 
8 – 9 32 ± 3.0 12 ± 5.6 16 ± 7.0 
10 – 11 24 ± 2.6 4.0 ± 5.2 5.0 ± 7.0 
14 – 15 14 ± 2.6 –6.0 ± 5.2 –8.0 ± 7.0 









Figure 3.10. Age-depth relationships from the ‘top five’ sedimentation rates (the ones which provided 
the five highest R2 values). ‘w’ is sedimentation rate in units of cm/year. Sedimentation rates numbered 
1 to 5 correspond to the five highest R2 values found, number 1 being the highest. 
 
 
Figure 3.11. The maximum R2 value for each sedimentation rate. 
 
3.5.2 Barite contamination and its removal 
 Before measuring foraminiferal Ba/Ca ratios for estimating seawater [Ba], it is necessary to 
remove barite from the foraminifera so that its barium content does not elevate the measured Ba/Ca 
ratios. Despite seawater being undersaturated with respect to barite in much of the world’s oceans 
(Monnin et al. 1999), barite is preserved beneath this depth as evidenced by the presence of barite 
particles in sediments. Increases in porewater [Ba] have been observed beneath the sediment-water 
interface, suggesting that barite dissolution occurs within sediments (Figure 3.12; Paytan & Kastner 
1996; McManus et al. 1998), but once porewaters reach saturation with respect to barite the dissolution 
of barite ceases (Paytan & Kastner 1996). It may be that this dissolution is insufficient to completely 
remove barite from foraminifera, or that, as in shallower depths, microenvironments within decaying 
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thought to occur inorganically, except for in rare cases such as in certain species of agglutinated 
foraminifera (Bertram & Cowen 1997). Barite removal is achieved by using DTPA to chelate Ba2+ ions 
thus dissolving barite (further details are provided in Section 2.2.6 ‘Barite removal’). However, DTPA 
also chelates Ca2+ ions, so care must be taken during this process or else extensive sample loss may 
occur (Lea & Boyle 1993). Here, the effect of DTPA on foraminiferal surfaces is investigated using 
scanning electron microscopy, to see whether DTPA adversely deteriorates the structure of foraminifer 
shells in comparison to the damage caused by the rest of the cleaning procedure. Additionally, Mg/Ca 
and Sr/Ca data from non-DTPA-cleaned foraminifera are compared to those of fully-cleaned 
foraminifera to investigate whether the use of DTPA significantly affects Mg/Ca or Sr/Ca. This is 
followed by an analysis of the effect of DTPA on Ba/Ca ratios and visible barite removal. 
 Figure 3.7 and Figure 3.8 show SEM images of uncleaned, non-DTPA-cleaned and fully-
cleaned foraminifera (M. barleeanus, O. umbonatus and U. peregrina). The surfaces of non-DTPA-
cleaned foraminifera are visually identical to the surfaces of fully-cleaned foraminifera, indicating that 
the addition of a DTPA step into the cleaning procedure (as described in Section 2.2 ‘Foraminiferal 
cleaning procedure’) did not result in significant sample degradation. 
Martin & Lea 2002 write that increasingly aggressive cleaning results in progressively lower 
Mg/Ca in Uvigerina sp. and C. wuellerstorfi, attributing this to either the removal of contamination or 
the preferential dissolution of Mg-rich areas of calcium carbonate, but do not see further decreases with 
the addition of a DTPA step into the cleaning procedure. Here these findings are replicated for U. 
peregrina, which shows no decrease in Mg/Ca when DTPA is used compared to when it is not used 
(Figure 3.6). Mg/Ca ratios of fully-cleaned samples are higher than those of a non-DTPA cleaned 
sample of U. peregrina. This could be because there are Mg-containing contaminants attached to barite 
which are removed along with barite dissolution, or could be natural variability from one sample to 
another (the difference between replicates is similar to the difference between the non-DTPA cleaned 
sample and the fully-cleaned samples). O. umbonatus does not show any change in Mg/Ca when DTPA 
is used (Figure 3.6). These findings confirm that the addition of a DTPA step into the procedure did not 
adversely affect Mg/Ca ratios. 
The effect of cleaning on Sr/Ca ratios was also investigated by Martin & Lea 2002, who found 
no difference in Sr/Ca when cleaning intensity was increased. Similarly, no change in Sr/Ca of U. 
peregrina or O. umbonatus can be seen when non-DTPA cleaning was used versus the full cleaning 
procedure (Figure 3.6). This lends confidence that the use of DTPA does not systematically alter Sr/Ca 
ratios. 
As well as ensuring that DTPA does not dissolve calcium carbonate too aggressively or affect 
other trace metal ratios, it would be beneficial to confirm that all of the barite had been removed from 
foraminifera before measuring Ba/Ca. Previous authors have found that the use of DTPA does decrease 
Ba/Ca (Lea & Boyle 1993; Martin & Lea 2002) which is to be expected given barite removal, but also 




Martin & Lea 2002). The data presented here suggest that Ba/Ca can have a variable response to DTPA 
cleaning, in agreement with previous authors. In U. peregrina Ba/Ca remains the same within ± 2σ 
upon addition of DTPA, whereas in O. umbonatus Ba/Ca increases by ~0.08 – 0.23 µmol/mol when 
DTPA is used (Figure 3.6). This increase could be due to natural variability between samples or the 
preferential removal of low-Ba/Ca regions of calcium carbonate. Although Lea & Boyle 1991 and Lea 
& Boyle 1993 found via sequential dissolution experiments that no such heterogeneity exists in 
Globigerinoides conglobatus, Oridorsalis spp., Uvigerina spp. or Cibicides wuellerstorfi, these data by 
the assertion of the authors themselves is open to interpretation, particularly the latter three species (Lea 
& Boyle 1993) and other species have not yet been tested. Further sequential dissolution experiments 
on different species and laser ablation studies which are able to target different regions of individual 
foraminifer shells (e.g. Hathorne et al. 2003) could elucidate this further. 
Barite can have several different morphologies, occurring on benthic foraminifera as rhombic 
crystals (Bertram & Cowen 1997). In the SEM micrographs, which are shaded according to atomic 
mass, rhombic crystals which have the visual appearance of barite can be seen (Figure 3.7; Figure 3.8; 
Figure 3.9; Dr A. (S.) Turchyn, pers. com. 2015). They are bright which could be due to the higher 
atomic mass of barite (233 g/mol) compared to that of the surrounding calcium carbonate (100 g/mol). 
Their location near the foraminiferal aperture is interesting because this supports the idea that barite 
precipitates within organic matter microenvironments within benthic foraminifera. Energy-dispersive 
x-ray spectroscopy was used to investigate whether these particles are indeed barites, but the resulting 
spectra show little difference between barite-like particles and the background calcium carbonate shell 
(Figure 3.9). If these were barites their EDS spectra should have peaks in Ba and S (e.g. Riedinger et 
al. 2006). This could be because the electron beam did not penetrate the surface of the barites. It might 
also be that these apparent barite particles are pseudomorphs which are composed of calcium carbonate 
but have retained the visual appearance of the rhombic barite crystals they once were. Further 
investigation using a technique such as Raman spectroscopy could elucidate the composition of these 
barite-like particles and thus confirm whether or not they are crystals of barite. 
If these particles are indeed barites, the SEM micrographs of uncleaned foraminifera (Figure 
3.7) show that barite is present upon O. umbonatus and U. peregrina but not M. barleeanus prior to 
cleaning and at least some of this barite remains after cleaning without DTPA (Figure 3.8), confirming 
the need to clean foraminifera with DTPA prior to analysis. In SEM micrographs of DTPA-cleaned 
foraminifera (Figure 3.8) barite can no longer be seen. Although this does not prove that DTPA has 
removed all of the barite, it is a good indication that the DTPA cleaning step is effective and necessary. 
The apparent lack of barite on M. barleeanus could be due to the way this species calcifies, with new 
chambers growing over old ones such that the outer surface is the most ‘fresh’ (Lipps 1993). 
Even if the use of DTPA always resulted in Ba/Ca decreasing, this would still not absolutely 
confirm that all barite is always removed before measurement because the extent of barite 




every individual foraminifer before measurement. However, scanning electron microscopy can provide 
supporting evidence for barite removal. This could be performed on a few foraminifera from each site 
or at certain depth intervals under the assumption that other nearby foraminifera would contain similar 
amounts of barite. 
 
3.5.3 Foraminiferal uptake of barium: DBa values 
Before foraminiferal Ba/Ca can be used to calculate seawater [Ba], it is necessary to determine 
the relationship between Ba/Ca and ambient seawater [Ba] using a partition coefficient. The Ba/Ca ratio 
of foraminiferal calcium carbonate has a positive linear relationship with the barium concentration of 
the water in which they grew, which was first noted by Lea & Boyle 1989 who measured Ba/Ca in the 
benthic species Uvigerina spp., C. wuellerstorfi and C. kullenbergi. Other species of benthic and 
planktic foraminifera have also been confirmed to record ambient barium concentrations in this way 
(Lea & Spero 1992; Lea & Spero 1994; Havach et al. 2001; Hönisch et al. 2011). Because the process 
of biomineralisation, including the method by which Ba2+ ions are transported into the calcium 
carbonate lattice, is not yet fully understood (e.g. Elderfield et al. 1996; Erez 2003; de Nooijer et al. 
2009), a practical way of measuring barium uptake is to use a partition coefficient (DBa), defined as: 
D% =  
 
!!  !
          (3.9) 
Where (Ba/Ca)f  is the Ba/Ca of foraminiferal calcium carbonate and (Ba/Ca)sw is the dissolved Ba/Ca 
ratio of the ambient seawater. Partition coefficients are assigned the notation ‘D’ because they were 
originally known as distribution coefficients, which was later changed to partition coefficient to avoid 
confusion with thermodynamic distribution constants although the use of the notation ‘D’ remained 
(Morse & Bender 1990; Lea & Spero 1992). The concept of using a partition coefficient in this way 
was first introduced by Boyle 1981. The barium concentration of seawater can then be calculated from 
(Ba/Ca)sw by assuming a value for the calcium concentration of seawater and using the following 
equation: 
[Ba] = %
 × [Ca]          (3.10) 
Where [Ba]sw and [Ca]sw are the dissolved barium and calcium concentrations of the ambient seawater 
and (Ba/Ca)sw is the dissolved Ba/Ca ratio of the ambient seawater. DBa values should be defined as 
accurately as possible because relatively small variations in the DBa value used can cause substantial 
differences in resulting seawater [Ba] and alkalinity estimates (Figure 3.13). 
Although the use of DBa values mitigates the need to fully understand biomineralisation before 
the Ba/Ca proxy can be used, an improved knowledge of this process would nonetheless benefit our 
understanding of how this and other foraminifera-based proxies should be interpreted. Authors such as 
Pingitore 1986 have hypothesised that foraminiferal barium uptake is an abiotic process whereby Ba2+ 




the lattice during growth. Alternatively, several authors propose that Ba2+ ions substitute for Ca2+ ions 
within the calcium carbonate lattice (e.g. Lea 1990; Lea & Boyle 1991; Lea & Spero 1992). Although 
the larger ionic radius of the Ba2+ ion should prevent solid solution formation (Shannon 1976; Pingitore 
& Eastman 1984; Pingitore 1986), it is nonetheless possible because the amount of barium in ocean 
waters, and hence in foraminiferal calcium carbonate, is so small that it does not significantly impact 
lattice structures (Lea & Spero 1992). The lack of agreement between DBa values of inorganic and 
foraminiferal carbonates, the former being up to an order of magnitude larger than the latter (Kitano et 
al. 1971), has led to a broad consensus that Ba2+ uptake likely occurs via substitution into the calcium 
carbonate lattice during biomineralisation (e.g. Lea & Spero 1992). However, the specific 
biomineralisation mechanisms of different species are a topic of ongoing study (e.g. Khalifa et al. in 
press). Biomineralisation may occur as inorganic-style precipitation induced by the foraminifer, for 
example via seawater vacuolisation whereby a pocket of seawater is isolated within the foraminifera 
and calcium carbonate is calcified from this internal pool (e.g. Erez 2003; Bentov & Erez 2006; Bentov 
et al. 2009), or a more strongly biologically-mediated calcification process such as trans-membrane 
transport (e.g. Nehrke et al. 2013). Barium has no known function in foraminifer shells so its uptake 
may be an accidental by-product of obtaining Ca2+ and CO32– ions for calcification. It has been 
hypothesised that a Ca2+ ion pump within foraminifera might accidentally admit small quantities of 
other ions such as Ba2+ (Erez 2003; de Nooijer et al. 2009). 
Because the barium uptake process is not fully understood, it is important to determine DBa 
values for each individual species as it is not known how vital effects might differ from one species to 
another. DBa values have been determined for several species of foraminifer via laboratory culture 
experiments and core-top calibrations (Table 3.3). Intraspecific variation in barium uptake has been 
confirmed to be negligible in some species (Lea & Spero 1992; Lea & Spero 1994) and so each of these 
DBa values may be thought of as representative per species, although extending these studies of 
intraspecific variation to other species would be beneficial. Some authors have merged data from 
multiple planktic species into one DBa, rather than using a unique DBa per species (Lea & Boyle 1991; 
Lea & Spero 1994; Hönisch et al. 2011). The consistency of DBa values amongst these individual species 
validates this approach, which allows for samples containing mixed species to be analysed, increasing 
the amount of material available for use. Lea & Boyle 1989 applied this technique to the benthic species 
Uvigerina spp., C. wuellerstorfi and C. kullenbergi and found “no evidence for significant differences 
in individual D values for each species” (Lea & Boyle 1989). However, these authors also acknowledge 
that there is variation in DBa amongst these three species and that “the uncertainty in D for each species 
can be improved by further analyses from high-sedimentation-rate cores, ultimately allowing us to 
determine whether different benthic species have different effective distribution coefficients” (Lea & 
Boyle 1989). Therefore, whether or not the approach of using one DBa value for multiple species is 




As a contribution to this ongoing work, separate DBa values for the three benthic species O. 
umbonatus, M. barleeanus and U. peregrina are calculated using the core-top Ba/Ca data of this study 
(Figure 3.5; Figure 3.14). Assuming a seawater barium concentration of 75 – 85 nM which is typical 
for this region at depths of approximately 600 m (Figure 3.15) and a seawater Ca concentration of 10.3 
mM (Dickson and Goyet, 1994) yields a seawater Ba/Ca of approximately 7.28 – 8.25 nmol/mmol or 
μmol/mol. DBa values were therefore calculated using the following equation: 
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Where foraminiferal Ba/Ca is in units of μmol/mol. Ba/Ca ratios from as near the core-top as possible 
were used (Figure 3.14). Seawater [Ba] was varied from 75 to 85 nM in steps of 1 nM and a DBa value 
calculated each time, resulting in the DBa values shown in Figure 3.16. The DBa values calculated using 
75 and 85 nM [Ba] are presented in Table 3.4. Upper and lower limits on DBa values were calculated 
using ± 2σ on the foraminiferal Ba/Ca data used in the equation. Although sample limitations prevented 
the measurement of M. barleeanus or U. peregrina from the 0 – 1 cm sediment horizon, Ba/Ca ratios 
remain approximately constant down-core (Figure 3.5) so this has minimal impact on the DBa values 
calculated. This is evidenced by the consistency of O. umbonatus DBa values calculated from samples 
ranging from depths 0 – 5 cm (Table 3.4). The resulting DBa values are typical of benthic foraminifera, 
which vary between approximately 0.2 and 0.4 (Table 3.3). No DBa values have previously been 
measured for O. umbonatus or M. barleeanus. The U. peregrina DBa value agrees well with previously-
measured DBa values for this species which are 0.34, 0.32 and 0.31 (Table 3.3). The change in DBa 
caused by varying seawater [Ba] from 85 to 75 nM is approximately 0.06 for M. barleeanus, 0.03 for 
O. umbonatus and 0.04 for U. peregrina (Table 3.4; Figure 3.16). These uncertainties are large given 
the sensitivity of seawater [Ba] and alkalinity estimates to the DBa value used (Figure 3.13). Defining a 
more precise estimate of seawater [Ba] for this site would therefore reduce the uncertainty on these DBa 
values. Some previous authors have taken a similar approach to this study by using estimates of seawater 
[Ba] rather than [Ba] measured in water samples taken from directly above the sediment (e.g. Lea & 
Boyle 1989). Here it is demonstrated that this approach should be treated with caution as the true 
uncertainty on DBa values may be underestimated.  
A further consideration is that infaunal and epifaunal benthic foraminifera may be influenced 
by porewater [Ba] and fluxes of dissolved barium emanating from sediments into bottom waters. If 
these processes sufficiently overprinted bottom water [Ba] variations, the foraminiferal Ba/Ca would 
no longer be a proxy for ocean circulation changes and would instead record changes in sedimentary 
processes through time. Additionally, the presence of sedimentary influences on [Ba] could mean that 
a different seawater [Ba]-alkalinity calibration should be used for infaunal or epifaunal foraminifera, 
rather than the global average relationship between seawater [Ba] and alkalinity (Lea 1993) which may 




Porewater [Ba] can vary by up to approximately 100 nM within the top 25 cm of sediment, with the 
most rapid changes in concentration occurring in the top few centimetres (Figure 3.12; Paytan & 
Kastner 1996; McManus et al. 1998). This has been attributed to in situ barite dissolution within 
sediments which ceases once saturation with respect to barite is reached (Paytan & Kastner 1996). If 
the seawater [Ba] used to calculate DBa was an underestimation of the true ambient [Ba] within 
porewaters, the resulting DBa value would be overestimated. Figure 3.17 demonstrates the effect that 
this magnitude of variability in ambient [Ba] could have on calculated DBa values: depending on 
foraminiferal Ba/Ca, when ambient water [Ba] is varied from 50 to 150 nM the resulting DBa changes 
by approximately 0.1 – 0.4, which is large in terms of reconstructing past seawater [Ba] and alkalinity 
(Figure 3.13). 
In addition to environmental controls, Ba/Ca and thus calculated DBa values may be affected by 
vital effects. The Ba/Ca ratios of M. barleeanus are offset from those of the other two species by 
approximately 1 – 1.5 µmol/mol (Figure 3.5). This may be due to differences in ambient [Ba] in the 
habitats of the different species, but might also be a permanent offset which occurs even when 
foraminifera are grown under the same conditions, caused by differing vital effects on Ba/Ca in the 
different species. The presence of vital effects on δ18O and Sr/Ca in this core suggests that vital effects 
may also be responsible for the Ba/Ca offsets observed: M. barleeanus δ18O is offset from that of U. 
peregrina by approximately 0.6 ‰ (Figure 3.5), in agreement with the offset measured by Hoogakker 
et al. 2010 of 0.55 ± 0.37 ‰; and M. barleeanus Sr/Ca is offset from that of U. peregrina by 
approximately 0.2 mmol/mol (Figure 3.5), in agreement with the offset measured by Rosenthal et al. 
1997 of ~0.2 – 0.3 mmol/mol. The constancy of the Ba/Ca offset between M. barleeanus and the other 
species down-core (Figure 3.5) is also suggestive of vital effects, rather than environmental controls 
which are susceptible to change over time. The possible existence of vital effects on benthic 
foraminiferal Ba/Ca highlights the importance of calculating a DBa value per individual species and 
supports the hypothesis that Ba uptake occurs via the process of biomineralisation rather than 
abiotically. 
Given these uncertainties, the DBa values measured here are only tentatively interpreted, 
although their similarity to previously-published DBa values increases their credibility. The DBa values 
of different species do not overlap with each other (Figure 3.16) suggesting that it is appropriate to use 
a species-specific DBa value for each species rather than combining them into one ‘benthic infaunal 
DBa’. These offsets in DBa between species could be because of: a) vital effects that differ between 
species; b) these species inhabiting different microenvironments with differing ambient [Ba]; or c) a 
combination of both factors. To determine the extent to which Ba/Ca is affected by vital effects and 
environmental conditions, the mechanisms behind species-specific DBa values could be explored further 
by taking paired measurements of infaunal and epifaunal foraminiferal Ba/Ca, porewater [Ba] and 
sedimentary flux [Ba] using benthic landers, as well as continuing research into how barium uptake 





Figure 3.12. Porewater [Ba] in sediment core JC089-07-6M-F, normalised relative to 50 nM, an 
approximated bottom water [Ba] for its deep Atlantic location (Dr M. Greaves, pers. com. 2015). This 
approximation means that absolute values may not be accurate, but the relative change in porewater 

























Table 3.3. Compilation of previously-measured barium partition coefficients (DBa values). 
Planktic species DBa C or L a Reference 
Globoquadrina dutertrei, 
Globigerinoides sacculifer, 
Orbulina spp., Globigerinoides 
ruber, Globigerinoides 
conglobatus (combined) 
0.19 ± 0.05 C Lea & Boyle 1991 
Orbulina universa Not forced through zero: 
0.15 ± 0.01 (intercept is 
0.22 ± 0.21) 
Forced through zero: 
0.16 ± 0.01 
L Lea & Spero 1992 
Orbulina universa, also applicable 
to Globigerinoides sacculifer  
Not forced through zero: 
0.134 ± 0.008 (intercept 
is 0.14 ± 0.08) Forced 
through zero: 0.147 
±0.004 
L Lea & Spero 1994 
Neogloboquadrina pachyderma 
sinistral 
0.22 ± 0.02 C Hall & Chan 2004b 
Globigerina bulloides 0.17 ± 0.04 L Hönisch et al. 2011 
Orbulina universa 0.17 ± 0.02 L Hönisch et al. 2011 
Applicable to spinose planktic 
species and Neogloboquadrina 
(but not Globorotalia) 
0.149 ± 0.05 L Hönisch et al. 2011 
(also used data from 
Lea & Spero 1994) 
Benthic species DBa C or L a Reference 
Cibicides wuellerstorfi, Cibicides 
kullenbergi and Uvigerina spp. 
(combined) 
0.37 ± 0.06 C Lea & Boyle 1989 
Uvigerina spp. 0.34 C Lea & Boyle 1989 
Cibicides wuellerstorfi 0.37 C Lea & Boyle 1989 
Cibicides kullenbergi 0.41 C Lea & Boyle 1989 
Uvigerina spp. 0.31 ± 0.04 C Lea 1993 
Uvigerina spp.  0.32 ± 0.06 C Lea 1993 (also used 






Benthic species DBa C or L a Reference 
Cibicides wuellerstorfi 0.313 to 0.221 C McCorkle et al. 1995 
Cibicides pachyderma 0.5 ± 0.1 L Havach et al. 2001 
Uvigerina peregrina 0.24 ± 0.06 L Havach et al. 2001 
Bulimina marginata  0.24 ± 0.07 L Havach et al. 2001 
Ammonia beccarii 0.20 ± 0.04 L Havach et al. 2001 
a) L = measured via laboratory culture experiment, C = measured via core-top calibration. 
 
 
Figure 3.14. Ba/Ca measured in benthic foraminifera from sediment core BC387-2 at core-top and 
shallow sediment depths. These data were used to calculate the barium partition coefficients (DBa) 










Figure 3.16. DBa values calculated whilst the varying seawater [Ba] between 75 and 85 nM and using 
core-top (0 – 1 cm) and shallow (2 – 6 cm) Ba/Ca ratios. Upper and lower error bounds are computed 




Table 3.4. Calculated DBa values. These data are plotted in Figure 3.16. 
   [Ba]sw = 75 nM  [Ba]sw = 85 nM 
Species Depth (cm)  DBa 2σ  DBa 2σ 
M. barleeanus 
2 – 3  0.53 0.02  0.47 0.02 
4 – 5  0.51 0.03  0.45 0.03 
        
O. umbonatus 0 – 1  0.26 0.01  0.23 0.01 
 2 – 3  0.26 0.01  0.23 0.01 
 4 – 5  0.25 0.01  0.22 0.01 
        







Figure 3.17. Graph showing the effect on calculated DBa values of varying the ambient barium 
concentration used to calculate DBa from 50 to 150 nM. 
 
3.5.4 Environmental influences on Ba/Ca ratios 
 Here, down-core data from sediment core BC387-2 are used to assess the impacts of post-
depositional dissolution of foraminifera, changes in primary productivity at the core site and 
temperature on benthic foraminiferal Ba/Ca ratios. To use foraminiferal Ba/Ca as a proxy for seawater 
[Ba], it is important to ensure that the data have not been significantly affected by factors other than 
ambient seawater barium concentrations, or that if these effects do exist that they are corrected for. 
Ba/Ca ratios may decrease during diagenesis via preferential loss of Ba from the calcium carbonate 
lattice during dissolution (McCorkle et al. 1995). Small-scale variability in barium cycling, such as that 
caused by local primary productivity, may render globally-constructed [Ba]-alkalinity calibration 
curves (e.g. Lea 1993) inapplicable to certain locations, particularly at relatively shallow depths and in 
highly-productive regions. It is for this reason that Rubin et al. 2003 suggest that the Ba/Ca-alkalinity 
proxy is not applicable to shallow marine environments, but open-ocean areas only. Here, down-core 
Ba/Ca data from three species of benthic foraminifera are paired with Mg/Ca, Sr/Ca, δ18O, δ13C and 
XRF data to investigate whether post-depositional dissolution of foraminifer shells or fluctuations in 
the amount of primary productivity have significant impacts on benthic foraminiferal Ba/Ca. In 
addition, Mg/Ca-derived temperatures are used to investigate whether temperature has an effect on 
Ba/Ca ratios in these three species. 
 
3.5.4.1 Post-depositional dissolution 
A lack of evidence for post-depositional alteration of foraminifera in this sediment core means 
that the impact of dissolution on Ba/Ca cannot be assessed here. Due to preferential dissolution of Sr-
rich areas of calcium carbonate, foraminiferal Sr/Ca ratios decrease with increasing post-depositional 
alteration (e.g. Brown & Elderfield 1996). The Sr/Ca ratios of all three species remain approximately 
constant down-core (Figure 3.5), suggesting that significant dissolution has not taken place. SEM 
images of uncleaned foraminifera do not reveal any signs of significant dissolution, with ‘fresh’ glassy 




which are indicative of diagenetic activity (Croudace & Rothwell 2015), also do not show any large 
variations down-core. In summary, it seems that significant post-depositional dissolution did not occur 
within BC387-2, which means that the impact of carbonate dissolution on foraminiferal Ba/Ca ratios 
cannot be studied using this core. This lack of dissolution could be due to the relatively young age of 
this core (see Section 3.5.1 ‘BC387-2 age model’) or its shallow depth (586 m) compared to the 
lysocline (~4500 m). Further investigations would be beneficial because sedimentary dissolution studies 
which use benthic foraminifera are relatively rare (Edgar et al. 2013). McCorkle et al. 1995 found that 
with increasing water depth from 2 to 4 km, Ba/Ca ratios of the benthic foraminifer C. wuellerstorfi fell 
by approximately 25 % despite no concurrent decrease in seawater barium concentrations. They 
hypothesise that this was caused by a ‘dissolution effect’ in sediments, whereby barium was 
preferentially lost from the calcium carbonate due to its relative enrichment in areas of the shell more 
prone to dissolution (McCorkle et al. 1995). However, this result has not been replicated by other 
authors who find no change in Ba/Ca between different areas of foraminifer shells (Lea & Boyle 1991; 
Lea & Boyle 1993) or between different water depths (Lea & Boyle 1991). Further studies of dissolution 
effects on Ba/Ca would therefore be beneficial, particularly on high-resolution cores from locations 
often used in palaeoclimate work (Edgar et al. 2013). 
 
3.5.4.2 Productivity 
Sediment core BC387-2 contains evidence that productivity has been variable at this site in the 
absence of concomitant changes in Ba/Ca, suggesting that productivity has a negligible effect on benthic 
foraminiferal Ba/Ca ratios. In all three of the foraminifer species measured, down-core variability in 
δ13C can be seen (Figure 3.5), particularly at depths 3.5 – 5.5 cm (Figure 3.5). This suggests that 
productivity has been variable at this site, with lighter δ13C values indicating enhanced productivity 
(e.g. Schmiedl & Mackensen 2006). Because organic matter is isotopically light, the degradation of 
organic matter in sediment porewaters causes the δ13C of porewaters to become lighter (e.g. Schmiedl 
& Mackensen 2006). The greater the organic matter supply, the lighter the δ13C of sediment porewaters 
becomes. This is imprinted onto the δ13C of benthic foraminiferal calcium carbonate. Benthic 
foraminiferal δ13C is not significantly affected by diagenesis so down-core changes in δ13C are 
conserved over time (Edgar et al. 2013). Although δ13C is a water mass tracer in addition to indicating 
productivity changes, because this core is entirely Holocene in age (as shown in Section 3.5.1 ‘BC387-
2 age model’) water mass changes are unlikely to have occurred down-core. Therefore, these δ13C 
variations are likely caused by variability in productivity. The shifts to heavier δ13C values seen in M. 
barleeanus and O. umbonatus at 3.5 – 5.5 cm and in U. peregrina at 1.5 – 3.5 and 8.5 – 11.5 cm (Figure 
3.5) may be due to reduced productivity in the overlying water column at these times resulting in 
reduced productivity in sediments due to a diminished food supply, whereas the lighter δ13C values at 




be indicative of enhanced productivity at these times, possibly due to an increased food supply from the 
overlying water column. Changes in the amount of organic matter supply to sediments may affect these 
species at different times and to varying extents due to their different habitats and because foraminifera 
may migrate to take advantage of food sources opportunistically (Tachikawa & Elderfield 2002; 
Fontanier et al. 2006). This could explain why the δ13C variations are not synchronous across all three 
species. U. peregrina has been known to migrate large vertical distances within sediments, up to 10 cm 
from the sediment-water interface (Loubere & Gary 1990), which may explain why the δ13C fluctuations 
of this species have a greater magnitude than those of M. barleeanus or O. umbonatus (Figure 3.5). 
Sedimentary Ca/Al, Si/Al and Ba/Al ratios from XRF, indicative of carbonate, silica and barite 
production and hence overall productivity (Croudace & Rothwell 2015), do not show strong variations, 
remaining approximately constant down-core (Figure 3.5). These parameters therefore do not provide 
strong supporting evidence for down-core productivity variations. This may be because XRF ratios are 
not necessarily applicable in relatively shallow margin settings where lithogenic inputs have a greater 
impact on sediment composition than in the open ocean. Furthermore, XRF ratios are semi-quantitative, 
with changes in sediment texture, water content, porosity, grain size and surface roughness affecting 
results (Croudace & Rothwell 2015). Given these considerations, the productivity variations indicated 
by δ13C are likely to be real, despite the lack of supporting evidence from XRF. In spite of these down-
core productivity variations, Ba/Ca ratios remain approximately constant (Figure 3.5) and there is no 
significant correlation between Ba/Ca ratios and δ13C (Figure 3.18; Table 3.5). The lack of a relationship 
between δ13C and Ba/Ca suggests that productivity does not have a significant impact on benthic 
foraminiferal Ba/Ca, despite the link between productivity and barite cycling. This may be because 
barite precipitated in association with near-surface productivity has been sufficiently remineralised at 
these depths and/or because productivity-related barite precipitation only negligibly affects seawater 
barium concentrations in comparison to the total inventory of dissolved barium in seawater. The lack 
of a correlation between productivity and Ba/Ca supports the use of Ba/Ca ratios as a proxy for ocean 
circulation. Furthermore, this suggests that benthic Ba/Ca ratios may be a reliable proxy for ocean 
circulation even in relatively shallow and highly-productive settings, such as the BC387-2 collection 




 The down-core Ba/Ca ratios and Mg/Ca-derived temperatures measured in this sediment core 
provide no evidence for a temperature effect on foraminiferal Ba/Ca ratios. The calculated temperatures 
agree well across the three species (Figure 3.5) and with the known seafloor temperatures at this 
location, which are approximately 4 – 5 ºC (Schejter et al. 2016). Fluctuations in temperature occur 




remain approximately constant throughout the sediment core (Figure 3.5), suggesting that Ba/Ca ratios 
are not significantly affected by temperature changes. Furthermore, when Ba/Ca is plotted against 
temperature, no significant relationships are found (Figure 3.18; Table 3.5). These results are in 
agreement with those of previous authors who find that foraminiferal Ba/Ca is unaffected by 
temperature (Lea & Spero 1994; Hönisch et al. 2011). In laboratory culturing experiments, Lea & Spero 
1994 find no temperature effect on Orbulina universa Ba/Ca with a temperature range of 22 – 29 ºC 
and Hönisch et al. 2011 also find Ba/Ca in this species to be aunaffected by temperature at 18 – 26 ºC. 
No other studies have thus far tested the effect of temperature on foraminiferal Ba/Ca. The results of 
this study extend the tested temperature range to colder temperatures and increase the number of species 
tested to include three benthic species. The continued lack of evidence for a temperature effect on Ba/Ca 
is encouraging in regards to the use of Ba/Ca as a proxy for seawater [Ba], which would benefit from 
an absence of complicating factors such as temperature effects. Further laboratory culturing 
experiments would be highly beneficial both for testing the findings presented here and for further 
extending the range of temperatures and species tested. 
 
 
Figure 3.18. Foraminiferal Ba/Ca ratios plotted against δ13C (A) and Mg/Ca-derived temperature (B) 
with least-squares linear regression lines. No significant relationships are found (equations, correlation 






Table 3.5. Equations of the least-squares linear regression lines plotted in Figure 3.18, along with 
product moment correlation coefficients (R) and their p-values (p). In all cases the ‘y’ parameter, 
which was plotted against the ‘x’ parameter, was foraminiferal Ba/Ca. 
‘x’ parameter Equation of regression line R p 
M. barleeanus δ13C y = 1.80x + 4.84 0.98 0.11 
O. umbonatus δ13C y = 0.26x + 2.06 0.19 0.81 
U. peregrina δ13C y = 0.23x + 2.58 0.67 0.33 
All δ13C y = –1.58x + 1.55 –0.40 0.22 
M. barleeanus temperature a y = 0.15x + 3.12 0.38 0.31 
O. umbonatus temperature b y = 0.05x + 1.79 0.22 0.57 
O. umbonatus temperature c y = 0.03x + 1.86 0.20 0.60 
U. peregrina temperature d y = 0.01x + 2.42 0.06 0.89 
U. peregrina temperature e y = 0.01x + 2.42 0.06 0.89 
All temperature y = –0.01x + 2.44 –0.01 0.96 
a) temperature calculated from Mg/Ca using the equation of Kristjánsdóttir et al. 2007 
b) temperature calculated from Mg/Ca using the exponential equation of Lear et al. 2015 
c) temperature calculated from Mg/Ca using the linear equation of Lear et al. 2015 
d) temperature calculated from Mg/Ca using the equation of Bryan & Marchitto 2008 
e) temperature calculated from Mg/Ca using the equation of Elderfield et al. 2006 
R = 1 indicates a perfect positive linear relationship, R = –1 indicates a perfect negative linear 
relationship and R = 0 indicates no linear relationship. 
The relationship described by R is significant at a 95 % significance level if p is less than 0.05: no 
















In this chapter, several potential caveats to the Ba/Ca proxy for seawater [Ba] and alkalinity 
have been considered. Firstly, the effectiveness of DTPA in cleaning barite from foraminifera was 
assessed. It is impractical to ensure the total removal of barite from all foraminifera prior to 
measurement, but the evidence presented here indicates that barite removal from foraminifera is 
successfully achieved by the DTPA cleaning step described in Section 2.2.6 ‘Barite removal’. The 
variable effect of DTPA cleaning on Ba/Ca ratios might be due to there being variable amounts of barite 
contamination present on foraminifera prior to cleaning, or due to heterogeneous Ba distributions in 
foraminifer shells. Sequential dissolution experiments or laser ablation studies targeting various regions 
of the shell (e.g. Hathorne et al. 2003) could aid in answering this question. 
A second factor which influences the accuracy of seawater [Ba] and alkalinity estimates made 
from Ba/Ca ratios is the measurement of DBa values (barium partition coefficients). Here, new DBa 
values for O. umbonatus, M. barleeanus and U. peregrina are presented. Although the DBa values for 
Uvigerina compare well between this study and those found by previous studies (Figure 3.19), the DBa 
values of different species are offset from one another (Figure 3.19). Furthermore, the spread in DBa 
values is greater amongst benthic species than planktic species (Figure 3.19). This suggests that for 
benthic foraminifera it may be particularly important to use DBa values on a ‘per-species’ basis rather 
than applying a collective DBa value as in the case of some planktic foraminifera. Differences in DBa 
values between species may be caused by contrasting ambient [Ba] at their habitation depths within 
sediments, species-specific vital effects, or a combination of both of these factors. This could be 
assessed further by using laboratory culturing experiments, or by pairing foraminiferal sample 
collections with porewater measurements. 
In order to use Ba/Ca ratios to accurately reconstruct seawater [Ba] and hence as a proxy for 
ocean circulation or alkalinity, it is necessary to ensure that Ba/Ca ratios are controlled solely by 
ambient barium concentrations, or if other controls do exist that they are accounted for by calibration 
curves. Mg/Ca-derived temperatures have been used to investigate the effect of temperature on Ba/Ca 
ratios in this core. In agreement with previous authors, no temperature effects are found. Ba/Ca ratios 
might, however, be influenced by post-depositional dissolution. Post-depositional dissolution of 
foraminifera appears to be minimal in this core, so the effect of this on Ba/Ca ratios cannot be 
thoroughly evaluated here and future studies would therefore be beneficial. Lastly, given that barite 
cycling is linked to productivity, it might be expected that seawater [Ba] and hence foraminiferal Ba/Ca 
would be affected by changes in productivity in the overlying water column. However, despite δ13C 
evidence for variable productivity at this site, Ba/Ca ratios remain approximately constant throughout 
sediment core BC387-2, suggesting that productivity-driven changes in seawater [Ba] in the overlying 
water column have a negligible impact on benthic foraminiferal Ba/Ca ratios. Given that this is a 
relatively shallow site in a highly-productive region, this finding endorses the use of benthic 





Figure 3.19. DBa values for planktic and benthic foraminifera measured in previous studies (as shown 
in Table 3.3, where references for these data are provided) and this study (tabulated in Table 3.4). Error 
bars on the previously-published data are shown as provided in those studies. Error bars on the data of 
this study were calculated as described in Section 3.5.3 ‘Foraminiferal uptake of barium: DBa values’. 
 
  




Benthic: Cibicides, Bulimina and Ammonia (previous studies)
Benthic: Uvigerina (previous studies)
Benthic: Uvigerina (this study)
Benthic: Oridorsalis (this study)






Foraminiferal Ba/Ca in the Holocene 






 A full understanding of the mechanisms governing climatic variability is vital for predicting 
and therefore mitigating future climate change. Comparisons of the Holocene with the previous 
interglacial period can be useful in this regard, because the previous interglacial period had higher 
atmospheric carbon dioxide concentrations than the pre-industrial Holocene and was warmer than 
present so may provide an analogue for the future. In glacial-interglacial cycles, deep Atlantic carbon 
storage and release has been invoked as a dominant control over atmospheric carbon dioxide changes. 
In contrast, a recent study has suggested that a slow-down in Southern Ocean deep water formation 
caused an increase in deep water carbon storage during the last interglacial, a time of relatively high 
atmospheric carbon dioxide concentrations compared to the Holocene. Here, these differences in ocean 
circulation between the last interglacial period and the Holocene are investigated further using benthic 
foraminiferal Ba/Ca ratios, a proxy for ocean circulation and seawater alkalinity. This study finds that 
Ba/Ca ratios, and by inference seawater dissolved barium concentrations and seawater alkalinity, were 
significantly higher in Southern Ocean waters during the last interglacial period compared to the 
Holocene. This finding supports the hypothesis that a slow-down in Southern Ocean deep water 
formation, known as a stagnation event, resulted in enhanced oceanic carbon storage in the last 
interglacial compared to the Holocene, although the timing of this event could be clarified. The presence 
of surplus atmospheric carbon dioxide in the last interglacial compared to the Holocene cannot therefore 
be attributed to weakened deep water carbon storage, unlike in glacial-interglacial cycles, suggesting 
that the mechanism of climatic change between the last interglacial and the Holocene (and therefore, 
perhaps between the present and the future) was different to that driving glacial-interglacial change. 
Furthermore, the stagnation event mechanism only invokes a relatively minor change in water mass 
formation, which contrasts with the substantial water mass reorganisations involved in the glacial-
interglacial mechanism. These contrasts between glacial-interglacial and Holocene-MIS 5e variability 















 The ongoing anthropogenically-driven increase in atmospheric carbon dioxide concentrations 
(pCO2atm) and associated warming of global temperatures poses many risks, including sea level rise, 
increased severity and frequency of extreme weather events, ecological disruptions, reduced crop yields 
and movement of water resources (IPCC 2013; IPCC 2014). A complete as possible understanding of 
the mechanisms controlling climatic variability will aid in predicting the effects of anthropogenic 
climate change and thereby our ability to mitigate them. Insights can be gained by studying climate 
fluctuations within the current interglacial period, the Holocene, and by comparing this epoch to 
previous interglacial periods throughout the Quaternary. Marine Isotope Substage 5e (MIS 5e) occurred 
at the height of the previous interglacial period (Shackleton et al. 2003). Temperatures were 
approximately 2 ºC warmer in the last interglacial than in the Holocene (Otto-Bliesner et al. 2006; 
Kaspar et al. 2005), pCO2atm was up to ~20 ppmv greater (Figure 4.1; Lüthi et al. 2008; Petit et al. 1999) 
and eustatic sea level was ~9 m higher due to ice sheet collapse (O’Leary et al. 2013). These contrasts 
may have originated from differences in solar insolation driven largely by orbital precession (Berger & 
Loutre 1991). Studying MIS 5e can provide a window into a possible future scenario which may occur 
when the climate is warmed as a result of anthropogenic greenhouse gas emissions. Furthermore, 
understanding the mechanisms which caused the Holocene climate to differ from that of MIS 5e could 
elucidate the mechanisms of future climate change. 
 
 
Figure 4.1. Composite pCO2atm record from the EPICA Dome C and Vostok ice cores (Lüthi et al. 2008; 
Petit et al. 1999). The grey bars are the Holocene and MIS 5e intervals measured by this study. 
 
 The Holocene can be divided into several sub-epochs, such as the relatively warm mid-
Holocene Climatic Optimum (~3.360 – 9.070 ka) and the cooler climatic reversal (9.070 – 11.460 ka) 




these are thought to be driven by changes in solar insolation (e.g. Wanner et al. 2008; Nielsen et al. 
2004). Similarly, differences between interglacials are attributed to differing solar insolation at these 
times (e.g. Tzedakis et al. 2009; Rohling et al. 2010). However, the precise feedback mechanism 
translating insolation variability into changes in specific components of the climate system such as 
atmospheric carbon dioxide concentration, sea level and temperature remains a subject of debate, both 
within and between interglacials (e.g. Tzedakis et al. 2009; Wanner et al. 2008; Rohling et al. 2010). 
 In glacial-interglacial cycles, ocean circulation changes and their impact on oceanic carbon 
storage are thought to be a critical component of climatic variability, so these may also play an important 
role in changes within and between interglacials. Ice core records show that atmospheric carbon dioxide 
concentrations are consistently ~80 – 100 ppmv lower in glacial periods (~180 – 200 ppmv) than in 
interglacial periods (~280 ppmv) (e.g. Barnola et al. 1987; Kawamura et al. 2003; Lüthi et al. 2008; 
Petit et al. 1999; Siegenthaler et al. 2005). The global carbon cycle can be separated into two cycles: a 
longer-term cycle involving the processes of chemical weathering, hydrothermal activity and 
volcanism; and a shorter-term cycle involving the terrestrial biosphere, soils (including permafrost) and 
oceans (dominated by inorganic carbon but also containing organic carbon in the marine biosphere and 
methane clathrates) (Archer 2010). Of these, it is the shorter-term cycle which must control the glacial-
interglacial change in pCO2atm, the longer-term cycle being too slow to supply and remove 80 – 100 
ppmv CO2 from the atmosphere on glacial-interglacial timescales (Archer 2010). According to a variety 
of terrestrial evidence and modelling studies, the terrestrial biosphere and soils experienced a decrease 
in carbon storage during the Last Glacial Maximum (LGM) relative to the Holocene (e.g. Adams et al. 
1990; Beerling 1999; Ciais et al. 2012; Crichton et al. 2013; Crowley 1995; Prentice et al. 1993; Van 
Campo et al. 1993). This is supported by benthic foraminiferal δ13C data which show that the oceans’ 
inorganic carbon was isotopically lighter during glacials than in interglacial periods (e.g. Cortese et al. 
2007), indicating that in glacial periods a smaller amount of isotopically light (organic) carbon was 
locked away from the ocean-atmosphere system (Archer 2010). This means that isotopically light 
carbon presents a source of carbon to the ocean-atmosphere system in glacial periods and vice versa, 
which is the opposite of that required to explain the lower pCO2atm of glacial periods (Archer 2010). 
This excludes all of the organic carbon pools (the terrestrial and marine biosphere, methane clathrates 
and soils) from having contributed to the glacial pCO2atm sink (Archer 2010). In fact, because the organic 
carbon pool was smaller at the LGM than in the Holocene, this adds a further 15 – 45 ppmv CO2 on top 
of the 80 – 100 ppmv that must be sourced in order to reach the interglacial concentration (Archer 
2010). The remaining candidate for the glacial-interglacial variation in pCO2atm is the inorganic carbon 
pool in the oceans, so it may be deduced that some oceanic mechanism involving inorganic carbon 
storage must be an important factor in the glacial-interglacial pCO2atm variation (Archer 2010). The 
large size of the oceanic carbon pool and the oceans’ ability to equilibrate with the atmosphere over the 
required timescales lend weight to this argument (Archer 2010). The Southern Ocean may have 




the window to the deep ocean, where an appropriate amount of carbon could be stored on the required 
timescales for glacial-interglacial variability (e.g. Sigman et al. 2010; Burke & Robinson 2012). 
Furthermore, this region is rich in nutrients which are incompletely utilised by primary productivity and 
is therefore capable of sequestering greater amounts of carbon from the atmosphere through enhanced 
biological uptake of carbon and export of this carbon to depth (e.g. Sigman et al. 2010). 
Given the importance of ocean circulation in glacial-interglacial climate variability, and 
considering that the timescales involved in glacial-interglacial variability are similar to those of changes 
within and between interglacials (namely, millennial-scale changes) it is likely that this is also an 
important factor in interglacial variability. Changes in carbon storage caused by ocean circulation can 
be traced using Ba/Ca ratios in benthic foraminifera. This is because dissolved barium and carbonate 
alkalinity have strikingly similar oceanic distributions, caused by their similar uptake and regeneration 
sites and subsequent redistribution by oceanic circulation (e.g. Lea 1993). This proxy has successfully 
been used to study glacial-interglacial variability, showing that deep Atlantic barium storage (and by 
inference, carbonate alkalinity and thus carbon) was greater during glacial periods (Hall & Chan 2004b; 
Lea & Boyle 1990a; Lea & Boyle 1990b; Lea 1990; Lea 1993; Lea 1995). 
Here, the Ba/Ca proxy for ocean circulation and carbon storage is used to investigate both intra-
Holocene and Holocene-MIS 5e variability in sediment cores from the southern frontier of the South 
Atlantic Ocean at approximately 53 ºS, which is bathed in waters derived from the Southern Ocean. 
The aims of this study are to contribute towards our understanding of intra-Holocene variability and 
Holocene-MIS 5e contrasts in the Southern Ocean, by using the Ba/Ca proxy to investigate how ocean 
circulation distributed barium (and by inference, carbon) during these times. A full understanding of 
Southern Ocean circulation during interglacial periods is important for piecing together the complete 
picture of interglacial climatic variability. 
 
4.3 Methods 
4.3.1 Sediment collection and oceanographic setting 
Sediment cores GC528 and GC642 were collected via gravity corer during cruises JR244 and 
JR257 of the RRS James Clark Ross (Dr J. Roberts, pers. com. 2015). Together, these two cores cover 
the past ~230 kyr (Dr J. Roberts, pers. com. 2015). GC528, which contains the Holocene section, was 
first obtained and then the older sediments of GC642 were collected from a site approximately 3 km 
away and 20 m upslope where sediments were more condensed (Dr J. Roberts, pers. com. 2015). 
Locations, depths (~600 m) and collection dates for these cores are provided in Table 4.1. The sampling 
sites are located on the Falkland Plateau (Figure 4.2), adjacent to Burdwood Bank, a highly-productive 
region (Schejter et al. 2016). Typical seafloor temperatures are 4 – 5 ºC (Schejter et al. 2016). This site 
is positioned to the north of the Antarctic Circumpolar Current (ACC), in the Subantarctic Zone (Brown 




Between the subtropical high at ~30 ºS and the subpolar low at ~60 ºS the prevailing winds are 
westerlies (Brown et al. 2004). These westerly winds blow clockwise around Antarctica, generating the 
westerly-flowing ACC via geostrophic flow (Brown et al. 2004). ACC surface waters – Antarctic 
Surface Water (ASW) – are deflected away from Antarctica by Ekman transport and at the Antarctic 
Polar Front (also known as the Antarctic Convergence) which encircles Antarctica at ~50 – 60 ºS, these 
waters subduct beneath Sub-Antarctic Surface Water, becoming Antarctic Intermediate Water (Brown 
et al. 2004). The Malvinas Current (also known as the Falklands Current) branches off from the ACC 
downstream of the Drake Passage, following the contours of the South American continental shelf 
(Piola & Gordon 1989; Peterson 1992; Piola & Matano 2009; Piola et al. 2010; Piola et al. 2013). This 
current carries Antarctic Surface Water to the core site (Figure 4.2; Figure 4.3) which would otherwise 
be bathed in Sub-Antarctic Surface Water. ASW derives from upwelled North Atlantic Deep Water 
(NADW), freshened by inputs of meltwater and precipitation (Figure 4.3; Brown et al. 2004). Like the 
ACC, the Malvinas Current is a geostrophic flow (Vivier & Provost 1999). The mean horizontal flow 
of the Malvinas Current is barotropic (Vivier & Provost 1999), meaning that its density and hence flow 
path is determined by pressure, and horizontally-flowing jets within the Malvinas Current have been 
observed at depths up to approximately 2000 m (Piola et al. 2013). In contrast, its vertical structure is 
controlled by a combination of both barotropic and baroclinic (wherein density is determined by both 
pressure and temperature) flows (Vivier & Provost 1999). This was determined using current meters 
moored at various depths within the Malvinas Current (Vivier & Provost 1999). 
 
Table 4.1. Details of sediment cores GC528 and GC642 (Dr J. Roberts, pers. com. 2015). 
 Latitude Longitude Depth Collection date 
GC528 53º0.6’S 58º2.4’W 598 m 29/01/11 










Figure 4.3. Schematic diagram of thermohaline circulation in the southwest Atlantic Ocean and the 
Atlantic sector of the Southern Ocean (adapted from Curry & Webster 1999). ASW = Antarctic Surface 
Water, AAIW = Antarctic Intermediate Water, CDW = Circumpolar Deep Water, UNADW = Upper 
North Atlantic Deep Water, MNADW = Middle North Atlantic Deep Water and AABW = Antarctic 




4.3.2 Age models 
 An age model for sediment core GC528, produced using radiocarbon dating of Uvigerina 
bifurcata, has been published by Roberts et al. 2016. Reservoir age constraints were provided by paired 
U-Th/14C dating of corals (Burke & Robinson 2012). Full details are available in the supplementary 
information of Roberts et al. 2016. An age model for sediment core GC642 was produced via alignment 
of benthic foraminiferal δ18O with the ‘LR04’ benthic δ18O stack (Lisiecki & Raymo 2005) (Dr J. 
Roberts, pers. com. 2015). 
 
4.3.3 Foraminifer picking 
Foraminifera were picked from pre-dried sediment samples, provided by Dr J. Roberts, at 
sediment depths corresponding to the Holocene (0 – 11.7 ka) and the ‘plateau’ section of MIS 5e which 
comprises the warmest section of the last interglacial (approximately 116 – 127 ka; Shackleton et al. 
2003). Melonis barleeanus were picked from the 250 – 355 µm size fraction under optical microscope 
using a brush wetted with reverse-osmosis purified (RO) water. Epifaunal species would have been 
preferable for reconstructing bottom water properties, but these were not sufficiently available. 
 
4.3.4 Trace metals 
Ba/Ca, Mg/Ca and Sr/Ca ratios were measured using the methods detailed in Chapter 2 ‘Trace 
Metal Methods’. These methods comprised: a cleaning procedure to remove clays, metal oxides, 
organic matter and barite from foraminifer samples; measurement of isotope intensities via inductively 
coupled plasma mass spectrometry using a Thermo Finnigan Element 2; offline calculation of trace 
metal ratios; and conversion to units of concentration via measurements of a custom-made bracketing 
standard. In addition to screening for contamination, Mn/Ca ratios can be used as a proxy for bottom 
water oxygenation (Koho et al. 2015; McKay et al. 2015) so these are included alongside the other trace 
metal ratios. 
 
4.3.5 Seawater barium concentration and alkalinity 
 Seawater [Ba] was calculated from foraminiferal Ba/Ca using the following equation: 
[Ba] =  
 
!!:  × [Ca]          (4.1) 
Where [Ba]sw is the barium concentration of seawater, (Ba/Ca)f is the foraminiferal Ba/Ca ratio, DBa is 
the barium partition coefficient for Melonis barleeanus and [Ca]sw is the calcium concentration of 
seawater. The DBa value for M. barleeanus was calculated in Chapter 3 ‘Evaluating the Ba/Ca Proxy’. 
In order to encompass the uncertainty arising from the calculation of the DBa value, the minimum and 
maximum computed DBa values of 0.42 and 0.55 were used, resulting in an upper and lower estimate 
of seawater [Ba] per Ba/Ca measurement. The seawater calcium concentration was set to 10.3 mM 






 !:  × [Ca]          (4.2) 
 Alkalinity was estimated from seawater [Ba] using Equation 4.3 (Lea 1993): 
Alk = %
=
 + 1515 × .7          (4.3) 
Where Alksw is seawater alkalinity in µequiv/kg, [Ba]sw is seawater barium concentration in nM and ρsw 
is seawater density in kg/l. Seawater density was calculated from estimated local temperature (4 – 5 ºC; 
Schejter et al. 2016) and salinity (34.2; Figure 4.4) (Maidment 1993), producing a density value of ρsw 
= 1.03 kg/l. Errors were calculated by propagating internal precision (σ) using Equation 4.4. 
σ>?
 = [ ]
=
 ×
.7          (4.4) 
 
4.3.6 Temperatures 
 Temperatures were calculated from M. barleeanus Mg/Ca ratios using Equation 4.5 
(Kristjánsdóttir et al. 2007), where Mg/Ca is the foraminiferal Mg/Ca ratio and T is the estimated bottom 
water temperature. This equation rearranges to Equation 4.6. Temperature uncertainties were calculated 
by propagating Mg/Ca internal precision, which was itself calculated using the method described in 
Section 2.3.6 ‘Calculation of trace metal ratios’. This error propagation was performed using Equation 
4.7. 
45
 = 0.658 ± 0.07 × e.6±.×          (4.5) 
T = ln "#.7<;±. × .6±.          (4.6) 
 
σ = "#/.7<; × 45/
 × .6          (4.7) 
 
4.3.7 Statistical analyses 
 To statistically compare the Holocene and MIS 5e data, two-tailed T-tests were used to 
determine whether the means of the two populations are significantly different. Either a T-test for two 
populations of equal variance (Student’s T-test) or a T-test for two populations of unequal variance 
(Welch’s T-test) was used, depending on the result of a prior F-test. These tests were performed at 95 
% and 99 % confidence levels. The F-statistic was calculated by dividing the larger variance of the two 
populations by the variance of the other population. This was then compared with a critical value taken 
from an F-test table using the degrees of freedom of each of the two populations, where degrees of 
freedom is sample size minus one. For Student’s T-test, the T-statistic was calculated using Equation 
4.8 and compared with a critical value taken from a T-test table using the degrees of freedom number 
calculated by Equation 4.9. For Welch’s T-test, the T-statistic was calculated using Equation 4.10 and 




using Equation 4.11. In these equations, t is the T-statistic, D.F. is the degrees of freedom number, µ1 
and µ2 are the means of the two populations, σ1 and σ2 are their standard deviations and n1 and n2 are 
the populations’ sample sizes. 
t =
@'@
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$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 Foraminiferal trace metal ratios (Ba/Ca, Mg/Ca, Sr/Ca and Mn/Ca) for both the Holocene and 
MIS 5e are presented in Figure 4.5, along with seawater barium concentration and alkalinity 
reconstructions and Mg/Ca-derived temperatures. The Holocene temperature data measured by Roberts 
et al. 2016 in the same sediment core (GC528) are also plotted for comparison with the results of this 
study. The mean values of each of these parameters in the Holocene and MIS 5e are provided in Table 
4.2. The results of the statistical analyses (F-tests for and T-tests) are provided in Table 4.3. 
 
 
Table 4.2. Mean values in the Holocene and MIS 5e. 
 Holocene MIS 5e 
Ba/Ca ± 2σ (µmol/mol) 3.65 ± 0.05 4.03 ± 0.08 
Ba/Ca ± 2σ (µmol/mol) a 3.56 ± 0.05 Not applicable 
Mg/Ca ± 2σ (mmol/mol) 0.89 ± 0.01 1.17 ± 0.01 
Temperature ± 2σ (ºC) 2.20 ± 0.12 4.21 ± 0.14 
Mn/Ca ± 2σ (µmol/mol) 3.71 ± 0.08 26.49 ± 0.66 
Sr/Ca ± 2σ (mmol/mol) 1.25 ± 0.01 1.27  ± 0.02 
a) Omitting the peak value of ~5 µmol/mol. σ = internal precision. 
 
 
Table 4.3. Results of F-tests and T-tests comparing the Holocene data to the MIS 5e data. 
 F-test result: variances are equal 
or unequal? 
 T-test result: means are 
significantly different? 
Confidence level 95 %  99 %  95 %  99 % 
Ba/Ca Equal  Equal  No  No 
Ba/Ca a Unequal  Unequal  Yes  Yes 
Mg/Ca Equal  Equal  Yes  Yes 
Temperature Equal  Equal  Yes  Yes 
Mn/Ca Equal  Equal  Yes  Yes 
Sr/Ca Unequal  Unequal  Yes  No 
a) Omitting the peak value of ~5 µmol/mol. 
For two populations of equal variance, Student’s T-test was used. 





Figure 4.5. M. barleeanus data from the Holocene (GC528) and MIS 5e (GC642): A) Ba/Ca; B) 
seawater [Ba] calculated from Ba/Ca using two different barium partition coefficients; C) seawater 
alkalinity estimated from seawater [Ba] using the equation of Lea 1993; D) Mg/Ca and E) Mg/Ca-
derived temperatures from M. barleeanus using the temperature calibration of Kristjánsdóttir et al. 2007 
(circle symbols) and from Uvigerina spp. with ± 1.4 ºC uncertainties (Roberts et al. 2016) (cross 
symbols) (the Mg/Ca axis does not apply to the cross symbols); F) and G) Mn/Ca with different vertical 
axes for the Holocene (F) and MIS 5e (G); and H) Sr/Ca. ± 2σ errors for seawater [Ba], alkalinity and 
temperature were propagated from Ba/Ca and Mg/Ca uncertainties. All data are plotted using the age 







4.5.1 Sr/Ca ratios: testing for dissolution 
 Foraminiferal Sr/Ca ratios are affected by post-depositional alteration of foraminifera and so 
can be used to check that samples have not been compromised by this. Dissolution of foraminiferal 
calcium carbonate within sediments decreases its Sr/Ca ratio (Brown & Elderfield 1996) because areas 
of foraminifer shells which are relatively rich in strontium are more susceptible to dissolution (Brown 
& Elderfield 1996). Although the T-test results show that mean Sr/Ca is significantly higher in MIS 5e 
than in the Holocene at a 95 % confidence level (Table 4.2; Table 4.3), at a 99 % confidence level it is 
not significant (Table 4.3). Furthermore, the maximum mean difference is only 0.05 mmol/mol higher 
(Table 4.2) and by visual inspection, Sr/Ca stays approximately constant down-core across the 
Holocene and MIS 5e within ± 2σ (Figure 4.5). In summary, across both the Holocene and MIS 5e 
Sr/Ca ratios remain approximately constant, suggesting that the foraminiferal trace metal ratios have 
not been significantly altered by post-depositional dissolution. 
 
4.5.2 Mn/Ca ratios as a proxy for bottom water oxygenation 
 Mn/Ca ratios in benthic foraminiferal calcium carbonate can be used as a proxy for bottom 
water dissolved oxygen concentration (Koho et al. 2015; McKay et al. 2015). Mn is incorporated into 
foraminiferal calcium carbonate in proportion to the dissolved Mn concentration of ambient water 
(Koho et al. 2015; McKay et al. 2015). If metal oxides are removed from foraminifera prior to 
measurement using a reductive cleaning technique, their Mn/Ca ratio is therefore indicative of the 
ambient Mn concentration in which they grew. Because porewater Mn concentrations are themselves 
affected by the amount of dissolved oxygen present, due to redox reactions, benthic foraminiferal 
Mn/Ca can be used as a proxy for bottom water oxygenation (Koho et al. 2015; McKay et al. 2015). 
The mechanism behind this proxy is explained below. 
 When bottom waters are oxygenated, deeper low-oxygen sediments are overlain by shallower 
high-oxygen sediments, because sediment oxygenation decreases with depth from the sediment-water 
interface due to organic matter remineralisation (Koho et al. 2015). In shallower high-oxygen 
sediments, Mn oxides precipitate and are buried; whereas in the deeper low-oxygen sediments, this 
buried Mn is reduced back to aqueous Mn2+ (Koho et al. 2015). The aqueous Mn2+ then diffuses back 
upwards towards the sediment-water interface, until it reaches the high-oxygen sediment layer and is 
re-oxidised (Koho et al. 2015). This cycle continues and, because more Mn is increasingly added to the 
sediment from the water column, the burial of Mn oxides exceeds the upward transport of Mn2+ such 
that there is a net increase of Mn2+ within the deeper low-oxygen sediment layer (Koho et al. 2015). 
The more oxygenated the shallower sediments are, the more Mn is oxidised and buried and the greater 
the build-up of Mn2+ in deeper sediments (Koho et al. 2015). Therefore, in deep-dwelling foraminifera 
that live in the low-oxygen part of the sediment, higher Mn/Ca (resulting from higher ambient Mn2+) is 




oxygen, there is no high-oxygen sediment layer and Mn either does not precipitate as an oxide or if it 
does is immediately reduced back to aqueous Mn2+ which escapes into the water column, such that no 
build-up of Mn2+ occurs in the deeper sediments and foraminifera therefore record lower Mn/Ca ratios 
(Koho et al. 2015). In summary, in deeper-dwelling foraminifera that inhabit the low-oxygen sediment 
layer, higher Mn/Ca indicates greater oxygenation of bottom waters and lower Mn/Ca indicates lesser 
oxygenation of bottom waters (Koho et al. 2015). 
In shallow-dwelling foraminifera, when bottom waters are more oxygenated there is greater 
precipitation of Mn oxides resulting in lower porewater Mn concentrations (Koho et al. 2015; McKay 
et al. 2015). Correspondingly, when bottom waters are less oxygenated there is less precipitation of Mn 
oxides so porewater Mn concentrations are higher (Koho et al. 2015; McKay et al. 2015). This means 
that, in contrast to deeper-dwelling species, in shallower-dwelling foraminifera high Mn/Ca indicates 
lesser oxygenation of bottom waters and low Mn/Ca indicates greater oxygenation of bottom waters 
(Koho et al. 2015; McKay et al. 2015). The relationship between bottom water oxygenation and 
foraminiferal Mn/Ca is therefore opposite for deeper-dwelling versus shallower-dwelling foraminifera. 
It is consequently important to consider the habitat of the species in use, in order to assess which of 
these two interpretations is more appropriate for that species. 
Melonis barleeanus is categorised as an infaunal species (Corliss 1985) but its sub-
categorisation as either shallow, intermediate or deep infaunal is less certain, with peak abundances 
recorded at depths ranging from approximately 1 to 4 cm (Corliss 1985; Corliss 1991; Buzas et al. 
1993). This is because foraminifera may migrate to different depths within sediments due to factors 
such as food supply, leading to uncertainties in their habitat classification (Tachikawa & Elderfield 
2002). Koho et al. 2015 consider M. barleeanus an ‘intermediate to deep infaunal’ species for which 
the ‘deep-dwelling’ version of the Mn/Ca proxy is appropriate. However, the M. barleeanus Mg/Ca-
derived temperatures agree well with those measured in Uvigerina spp. (Figure 4.5), a species which 
can vary widely in habitat depth (Loubere & Gary 1990) but has most often been observed in the top 
0.5 cm of sediment (Corliss 1991; Buzas et al. 1993). Therefore, perhaps in these sediments M. 
barleeanus should be classified as ‘shallow infaunal’ and its Mn/Ca interpreted using the ‘shallow-
dwelling’ version of the proxy. Using this interpretation, the high Mn/Ca ratios measured at ~4 – 7 ka 
(Figure 4.5) are consistent with the mid-Holocene Climatic Optimum at ~3.360 – 9.070 ka (Domack et 
al. 2001), a time of high productivity (Domack et al. 2001) and hence reduced oxygenation. In the 
following discussion, the ‘shallow-dwelling’ version of the Mn/Ca proxy will be used to interpret M. 







4.5.3 Comparison of the Holocene with MIS 5e 
 Enhanced deep ocean carbon storage during glacial periods is widely accepted as an important 
factor in glacial-interglacial pCO2atm change (e.g. Archer 2010; Sigman et al. 2010). Given that during 
the last interglacial pCO2atm was up to ~20 ppmv greater than in the pre-industrial Holocene (Figure 4.1, 
Lüthi et al. 2008; Petit et al. 1999), it might be expected that less carbon was stored in the deep ocean 
during MIS 5e than in the Holocene. ASW derives from upwelled North Atlantic Deep Water (NADW), 
which is itself influenced by AABW (Figure 4.3). An increase in barium (and by inference, carbon) 
storage within AABW should therefore cause ASW barium concentration to also increase. However, at 
this site (which is bathed in ASW) Holocene Ba/Ca ratios are significantly lower on average than those 
of MIS 5e (Figure 4.5; Table 4.2; Table 4.3) suggesting that seawater barium concentrations were lower 
during the Holocene (Figure 4.5). Using the Ba/Ca proxy for seawater alkalinity of Lea 1993, this 
finding implies that seawater alkalinity was not significantly higher in the Holocene than in MIS 5e 
(Figure 4.5) and therefore cannot support the hypothesis that during the Holocene a greater amount of 
carbon was stored in the ocean than at MIS 5e. This suggests that the mechanisms controlling Holocene-
MIS 5e contrasts are different to those driving glacial-interglacial changes. 
A possible explanation for the lower Ba/Ca ratios of the Holocene compared to MIS 5e is that 
during MIS 5e there was a slow-down in the production of AABW (a ‘stagnation event’) (Hayes et al. 
2014). When porewater dissolved oxygen concentrations decrease, either due to increased inputs of 
organic matter (the remineralisation of which uses oxygen) or decreased oxygen concentrations in 
overlying bottom waters, a greater amount of aqueous U(VI) is reduced to less-soluble U(IV) within 
sediments (Klinkhammer & Palmer 1991). Concentrations of authigenic uranium (aU) in sediments can 
therefore provide insights into bottom water oxygenation and primary productivity (Klinkhammer & 
Palmer 1991). In sediments from ODP Site 1094 in the Atlantic sector of the Southern Ocean, Hayes et 
al. 2014 observe a peak in aU at ~127 ka, indicating that porewater oxygen concentrations were lower 
at this time (Figure 4.6; Hayes et al. 2014). This aU peak at ~127 ka occurs in the absence of a 
concomitant increase in biological productivity, measured via biogenic opal flux, or lateral transport of 
organic matter to the site, examined using the focusing factor (Hayes et al. 2014). This suggests that a 
decrease in bottom water dissolved oxygen concentrations was responsible for this enhanced deposition 
of uranium (Hayes et al. 2014). Hayes et al. 2014 attribute this low-oxygen event to a slow-down in 
AABW formation. Their hypothesis is supported by sortable silt evidence from the Agulhas basin: 
sortable silt size is low at ~127 ka (Figure 4.6; Krueger et al. 2012), suggesting that AABW flow was 
slowed-down at this time (Hayes et al. 2014; Krueger et al. 2012). This resulted in an oxygen minimum 
and increased carbon storage within AABW because primary productivity, which uses oxygen, and the 
‘biological pump’, which exports carbon from the surface to depth, continued despite the slow-down of 
AABW export, leading to greater oxygen depletion and carbon accumulation (Hayes et al. 2014). Hayes 
et al. 2014 suggest that this stagnation event was caused either by increased meltwater inputs into the 





Figure 4.6. Foraminiferal Ba/Ca ratios in sediment core GC642 (this study); authigenic uranium (aU) 
at ODP Site 1094 in the Atlantic sector of the Southern Ocean (Hayes et al. 2014); sortable silt size in 
sediment core PS2561-2 from the Agulhas basin (Krueger et al. 2012); and pCO2atm from Antarctic ice 
cores (Lüthi et al. 2008; Petit et al. 1999). Light grey bars show the age range of the MIS 5e data 
measured by this study (118 – 125 ka) and dark grey bars show approximate age of the stagnation event 
(127 ± 1 ka; Hayes et al. 2014).  
 
interglacial hypothesis for enhanced AABW formation and carbon storage during glacial periods, the 
stagnation event mechanism does not invoke a physical change in the configuration of water masses, 
which must occur over longer timescales. Instead, it constitutes a change in water mass chemical 
properties, brought about by a relatively minor change in water mass formation. 
Because barium distributions are also affected by the biological pump due to uptake of barium 
into organic matter and its subsequent remineralisation (e.g. Chan et al. 1977; Jeandel et al. 1996), such 
an event could also increase barium concentrations within AABW. A high-barium signal in AABW 
could be transferred to ASW via mixing with NADW, which forms ASW via upwelling (Figure 4.3). 




of this stagnation event during MIS 5e. In contrast, in the Holocene AABW formation remained strong, 
preventing this build-up of carbon and barium and leading to lower seawater barium concentrations in 
AABW and ASW than during MIS 5e, on average. 
It is not entirely clear whether the stagnation event coincides with the MIS 5e data measured in 
this study or precedes them. Hayes et al. 2014 date this event to 127 ± 1 ka, which does not overlap 
with the ages of the MIS 5e data measured in this study (~118 – 125 ka). However, the aU peak only 
returns to its pre-stagnation event value at approximately 125 ka (Figure 4.6), such that the oldest data 
point measured here overlaps with the tail-end of the stagnation event (at 125.13 ka). If AABW 
properties were conveyed to ASW on a ~1000-year timescale, the signature of the stagnation event 
should continue to be seen for ~1000 years after the end of the event, affecting Ba/Ca ratios during the 
earliest part of the record (~125 – 124 ka) followed by a return to ‘normal’ conditions afterward, 
replicating aU variability (Figure 4.6). This is not seen; the Ba/Ca data remain approximately constant 
during ~118 – 125 ka (Figure 4.6), suggesting that the stagnation event did not coincide with the data 
collected by this study. Alternatively, it may be more appropriate to define the timing of the stagnation 
event using a direct indicator of flow rate, such as sortable silt size. The minimum in sortable silt size 
observed during the MIS 5e stagnation event extends for a longer time than the aU peak, only recovering 
its pre-stagnation event values at approximately 119 ka (Figure 4.6). This may indicate that the 
stagnation event lasted for a longer time than suggested by aU alone, possibly meaning that the MIS 5e 
data measured in this study are entirely contained within the stagnation event. In this case, the potential 
slight increase in Ba/Ca from 125 to 122.5 ka (Figure 4.6) might be due to the attainment of maximum-
stagnation conditions at ~122.5 ka. Another alternative interpretation can be proposed using 
atmospheric carbon dioxide data. If the MIS 5e stagnation event involved enhanced oceanic carbon 
storage it may be expected to cause a pCO2atm decrease. Such a decrease (of approximately 13 ppmv) 
can be seen at ~128 – 127 ka, with pCO2atm recovering to its previous value at ~126 ka (Figure 4.6). 
This is in exact agreement with the 127 ± 1 ka timing given by Hayes et al. 2014. If pCO2atm is the best 
indicator of the timing of the stagnation event, this would suggest that the event has ended by ~125 ka, 
such that the data measured in this study do not overlap with it. 
A discrepancy in timing between the stagnation event and the MIS 5e data of this study can be 
reconciled if the effects of the stagnation event persist after the event itself has ended. The end of the 
stagnation event could be defined as a return of AABW formation to its normal strength. Subsequent to 
this, the elevated alkalinity and barium concentration of AABW would dissipate gradually through 
mixing with other water masses and ventilation to the atmosphere. The return to pre-stagnation event 
alkalinity and barium concentrations might therefore lag behind the end of the stagnation event by 
approximately 1000 years, the timescale of ocean ventilation via thermohaline circulation. If AABW 
formation was fully re-invigorated by ~125 ka, it might not be feasible to attribute the elevated barium 
concentrations recorded at the core site, which persist until at least ~118 ka, to the stagnation event. 




stagnation value until ~119 ka (Figure 4.6), suggesting that AABW formation did not fully recover until 
this time. Taking into account the ~1000 year lag between the end of the event and the complete 
dissipation of its influence from the oceans, this would facilitate ongoing elevated barium 
concentrations at the site until approximately ~118 ka, in agreement with the observed Ba/Ca ratios 
(Figure 4.6). 
This stagnation event mechanism contrasts with the glacial-interglacial mechanism that 
involves greater carbon storage within AABW during glacials and the subsequent release of this carbon 
during interglacials. In essence, this glacial-interglacial mechanism involves a change in the positions 
and compositions of water masses, with substantially greater AABW formation and higher Ba 
concentrations in AABW during glacial periods, whereas the stagnation event mechanism only involves 
a change in the compositions of water masses, their positions remaining approximately the same (Figure 
4.7; Table 4.4). This is consistent with the much greater magnitude of the climatic variability between 
glacial and interglacial periods than between MIS 5e and the Holocene: glacial-interglacial cycling 
involves large-scale ‘switches’ in circulation with substantial expansion and contraction of AABW (and 
carbon storage therein), whereas Holocene-MIS 5e variability involves smaller-scale (geographically 
and temporally) changes. The two mechanisms are also different in the sense that in the glacial-
interglacial mechanism, colder climate conditions result in a higher barium concentration in AABW, 
whereas in the stagnation event mechanism the opposite is true: it is the warmer conditions of MIS 5e 
which result in higher barium concentrations (Figure 4.7; Table 4.4). If such a stagnation event 
mechanism is responsible for the Holocene-MIS 5e differences, this suggests that the mechanisms 
controlling climatic variability between interglacial periods are significantly different to those 
controlling climatic variability between glacial and interglacial periods. Figuratively speaking, it shows 
















Table 4.4. Summary of the described contrasts between the glacial-interglacial mechanism and the 
stagnation event mechanism. 
Glacial-interglacial mechanism  Stagnation event mechanism 
Glacial 
• Colder than interglacial 
• Greater C and Ba storage in 
AABW than during 
interglacial 
 Lack of Stagnation/Re-invigoration 
• Colder than MIS 5e 
• Lesser C and Ba storage in AABW than during a 
stagnation 
Interglacial 
• Warmer than glacial 
• Lesser C and Ba storage in 
AABW than during glacial 
 Stagnation (MIS 5e) 
• Warmer than Holocene 
• Greater C and Ba storage in AABW than during 
a re-invigoration or compared to if a stagnation 




Figure 4.7. Schematic diagram of the glacial-interglacial deep ocean carbon storage mechanism and the 
stagnation event mechanism which may occur during interglacial periods. A stagnation event occurred 
during MIS 5e (Hayes et al. 2014) but was absent from the Holocene. A ‘re-invigoration’ of AABW 





4.5.3.1 Evidence from Mn/Ca ratios 
Given that an AABW stagnation event as defined by Hayes et al. 2014 causes dissolved oxygen 
concentrations to decrease within AABW (Hayes et al. 2014), assuming that changes in AABW are 
transmitted to ASW via the mechanism described above, this should cause ASW to also become less 
oxygenated. Mn/Ca ratios are significantly higher on average in MIS 5e than in the Holocene (Figure 
4.5; Table 4.2; Table 4.3). Using the Mn/Ca proxy for bottom water oxygenation of McKay et al. 2015 
whereby higher Mn/Ca ratios indicate reduced bottom water oxygenation and vice versa, this indicates 
that dissolved oxygen concentrations were indeed lower during MIS 5e than in the Holocene. This 
therefore supports the hypothesis that a low-oxygen AABW stagnation event occurred during MIS 5e 
that was not replicated to the same extent in the Holocene. 
Timing considerations can also be applied to dissolved oxygen concentrations. Mn/Ca ratios 
remain approximately constant throughout ~120 – 125 ka (Figure 4.5), suggesting that bottom water 
oxygenation also remained unchanged throughout this time (Koho et al. 2015; McKay et al. 2015). This 
is in agreement with the aU record which indicates that by ~125 ka, pre-stagnation event oxygen 
concentrations had been regained, remaining relatively constant afterward (Figure 4.6). The agreement 
between these two records could be confirmed with greater certainty if pre-125 ka Mn/Ca measurements 
vary in tandem with aU. However, as discussed above, the manifestation of the stagnation event signal 
in ASW (at the core site) may alternatively lag behind the occurrence of the event in AABW, rather 
than paralleling it. If the stagnation event is dated to 127 ± 1 ka (Hayes et al. 2014), the Mn/Ca data do 
not appear to support this hypothesis because they do not show a decrease (indicating a return to higher-
oxygen conditions) after ~126 ka. However, using sortable silt size provides an alternative date of ~119 
– 121 ka for the end of the stagnation event (Figure 4.6). At ~118 – 120 ka, an increase in Mn/Ca occurs 
(Figure 4.5) suggesting that bottom water dissolved oxygen concentrations decreased (McKay et al. 
2015). This could indicate the flushing out of low-oxygen waters from AABW into ASW after the end 
of the stagnation event. 
 The lower dissolved oxygen concentrations of MIS 5e could alternatively be due to higher 
productivity at this time, caused by the warmer temperatures of MIS 5e compared to the Holocene 
(independent of the stagnation event) or by greater nutrient concentrations within AABW and hence 
ASW during MIS 5e (caused by the stagnation event). Similarly, the Mn/Ca increase at ~120 – 118 ka 
might also be attributed to a change in primary productivity. An independent measure of productivity, 
such as foraminiferal δ13C, is necessary to differentiate between these scenarios. 
 
4.5.3.2 Evidence from Mg/Ca-derived temperatures 
 The Mg/Ca-derived temperatures are significantly warmer during MIS 5e than the Holocene 
by approximately 2 ºC (Figure 4.5; Table 4.2; Table 4.3), in agreement with previous studies (Otto-




Southern Hemisphere (by warming temperatures, increased ice melting and hence weaker AABW 
formation) or forced from the Northern Hemisphere (due to strengthened NADW formation which 
weakened AABW formation) (Hayes et al. 2014). If the stagnation event was forced from a Southern 
Hemisphere warming, higher temperatures would be expected during this event. If the stagnation event 
was forced from a Northern Hemisphere strengthening of NADW formation, a temperature increase 
would also be expected (due to the greater southward transport of heat via NADW). The significantly 
warmer Mg/Ca-derived temperatures of MIS 5e are in agreement with either of these scenarios. They 
therefore do not refute the hypothesis that a stagnation event occurred during MIS 5e, but neither can 
they suggest whether this was forced from the Northern or Southern Hemisphere, and may occur 
independently of a stagnation event. Nevertheless, the good agreement between these Mg/Ca-derived 
temperatures and the estimated Holocene-MIS 5e temperature differences of other studies (Otto-
Bliesner et al. 2006; Kaspar et al. 2005) lends confidence to the use of M. barleeanus Mg/Ca for 
comparing MIS 5e and Holocene temperatures. 
 
4.5.4 Variability within the Holocene 
 During most of the presented Holocene record, Ba/Ca remains largely constant. This means 
that climatic variability associated with sub-epochs such as the mid-Holocene Climatic Optimum, 
climatic reversal and the Neoglacial cannot be discussed. However, a large Ba/Ca peak occurs at 
approximately 2.3 ka. The possible causes of this Ba/Ca peak are discussed below. To assist this 
discussion, the Ba/Ca data are reproduced in Figure 4.8 together with supplementary data measured in 
sediment core GC528 and at nearby sites. 
 
4.5.4.1 Contamination 
 A sample may be considered contaminated with metal oxides or clays if it has a high Mn/Ca or 
Al/Ca ratio, respectively (e.g. Boyle 1983; Ni et al. 2007). During data quality assessment, data points 
were rejected on these grounds if Mn/Ca was greater than 40 µmol/mol or if Al/Ca was greater than 60 
µmol/mol (see Section 2.4 ‘Quality assurance’). The Ba/Ca data point at the height of the peak at ~2.3 
ka is not associated with either a high Mn/Ca or Al/Ca ratio (Mn/Ca = 2.85 ± 0.25 µmol/mol and Al/Ca 
= 46.38 ± 3.16 µmol/mol) suggesting that if this sample was contaminated, it was not due to metal 
oxides or clays. A high Ba/Ca ratio may however result from barite contamination. Whilst this cannot 
be disproven, cleaning tests have shown that the cleaning technique is successful at removing barite 
(Chapter 3 ‘Evaluating the Ba/Ca Proxy’; Lea 1990; Lea & Boyle 1993) and this sample was cleaned 
alongside many other samples which do not show such high Ba/Ca ratios. 
An additional data point at 1.8 ka (closed symbol in Figure 4.8, panel A) also has an elevated 
Ba/Ca ratio relative to the other Holocene measurements. This data point was discarded due to Al/Ca > 




Figure 4.8. Data measured in core 
GC528 (A – E) and at nearby sites: 
A) Ba/Ca ± 2σ in M. barleeanus, 
with one data point which failed 
quality assurance (closed symbol); 
B) Mn/Ca ± 2σ in M. barleeanus; 
C) estimated bottom water 
temperatures calculated from M. 
barleeanus Mg/Ca (± 2σ; circle 
symbols) and Uvigerina spp. 
Mg/Ca (± 1.4 ºC; cross symbols; 
Roberts et al. 2016); D and E) δ13C 
± 0.06 ‰ and δ18O ± 0.08 ‰ in 
Uvigerina spp. (circle symbols) 
and O. umbonatus (cross symbols) 
(Roberts et al. 2016); F) gravel 
abundance at ODP Site 1098 
(Domack et al. 2001); G) sea ice 
presence ± 0.3 months/year at 
ODP Site 1093 (Nielsen et al. 
2004); H) sea surface temperatures 
at ODP Site 1093 (± 0.75 ºC; 
Nielsen et al. 2004) and ODP Site 
1098 (± 1 ºC; Shevenell et al. 
2007); and I) pCO2atm from 
Antarctic ice cores (Lüthi et al. 
2008; Petit et al. 1999). All GC528 
data are plotted using the age 












supporting evidence that ambient barium concentrations were elevated at this time. The data points at 
~2.3 ka and 1.8 ka were measured on different days so cannot be attributed to a common complication 
during sample measurement. 
Further confidence in the ~2.3 ka data point is provided by details of its measurement via mass 
spectrometry. The matrix effect associated with this measurement is not high (–3.30 ± 2.35 %) and 
barium measurements remained stable throughout the run (Figure 4.9), except for instrumental drift 
which is accounted for by standard-sample bracketing (see Section 2.3.4 ‘Sequence design’). The 
measured intensity of the sample (prior to blank-correction) is 92 times higher than the blank and is far 
above the limit of detection (as defined by Equation 2.19). The relative standard deviation of the sample 
is 1.21 % (internal precision). There is thus no evidence that this measurement was affected by machine 
instability or the introduction of a contaminant particle into the apparatus. 
 
 
Figure 4.9. 138Ba intensities ± 2SD (cps). Data relating to the ~2.3 ka sample are plotted in dark blue. 
 
4.5.4.2 Microhabitats of infaunal foraminifera 
 Infaunal benthic foraminifera are known to migrate within sediments in search of optimal 
growth conditions (Tachikawa & Elderfield 2002). M. barleeanus has been observed living at depths 
ranging from ~1 – 4 cm (Corliss 1985; Corliss 1991; Buzas et al. 1993) and porewater barium 
concentrations increase rapidly over the top few centimetres of sediment (Figure 4.10; McManus et al. 
1998; Paytan & Kastner 1996) due to in situ barite dissolution (McManus et al. 1998; Paytan & Kastner 
1996). Therefore, a mass migration of M. barleeanus to greater depths would cause their ambient 
barium concentration, and hence the Ba/Ca ratios they record, to increase. The change in barium 
concentration recorded by the Ba/Ca peak at ~2.3 ka is approximately 65 – 80 to 100 – 130 nM, which 
is reasonable given observed porewater barium concentration changes of approximately 175 – 250 nM 
(McManus et al. 1998), 150 – 200 nM (Paytan & Kastner 1996) and 80 – 100 nM (Figure 4.10) over 
the top ~4 cm of sediment. However, such a mass migration would be unprecedented and the cause of 
this migration, followed by a return to their previous habitat, is difficult to imagine. Foraminiferal 
migrations are opportunistic in response to fleeting changes such as pulses of enhanced food supply 
(Tachikawa & Elderfield 2002) and are thus ephemeral, whereas this would need to be a prolonged, 






















followed by a return to their previous habitat. There is no known reason for such a perturbation to their 
behaviour. Furthermore, an enhanced supply of organic matter to the sediments would cause a decrease 
in δ13C, which is not observed at this time (Figure 4.8). Alternatively, it may be that the ~2.3 ka peak 
was an extremely short-lived event, which would not require a sustained change in habitat and might 
instead be explained by a temporary shift to deeper habitats caused by a sudden sedimentation event. 
 
Figure 4.10. Porewater [Ba] in core JC089-07-6M-F, normalised relative to 50 nM, an approximated 
bottom water [Ba] for its deep Atlantic location (Dr M. Greaves, pers. com. 2015). Absolute values may 
not be accurate, but relative changes down-core are conserved (Dr M. Greaves, pers. com. 2015). 
 
4.5.4.3 Ice-rafted debris 
 The Ba/Ca peak at ~2.3 ka coincides with a sharp peak in gravel abundance at ODP Site 1098, 
in Palmer Deep on the West Antarctic Peninsula, which is also similarly unprecedented within ~0 – 11 
ka (Figure 4.8; Domack et al. 2001). The similarity in timing between these two peaks, their lack of 
repetition within the remainder of the Holocene and their geographic proximity suggest that there may 
be a link between them. An increased gravel abundance is indicative of enhanced ice rafting at this time. 
If a large amount of ice-rafted debris was deposited at the GC528 core site, perhaps this material 
provided a large pulse of barium to sediments, either by dissolving or releasing adsorbed material from 
clays. Rivers contain high concentrations of dissolved barium due to desorption from clays in the 
suspended sediment load (Hanor & Chan 1977). There is evidence that icebergs are capable of reaching 
the latitude of the GC528 core site from iceberg plough-marks found approximately nine degrees north 
of the site (Figure 4.2; López-Martínez et al. 2011). These icebergs were carried to this location by the 
Malvinas Current, which flows directly over the GC528 core site (Figure 4.2; Piola & Matano 2009). 
However, these plough-marks are thought to have originated during glacial periods so this may not be 
applicable to the Holocene when icebergs are unlikely to have travelled as far north. If a large ice-
rafting event occurred, this should coincide with either: a minimum in sea ice extent and maximum in 



















minimum in sea surface temperature, indicative of enhanced iceberg calving and transport (Heinrich 
1988). There is no sharp variability observed in either sea surface temperature or sea ice presence at the 
time of the gravel abundance peak (Figure 4.8). This lack of supporting evidence casts doubt on this 
mechanism as the cause of the ~2.3 ka Ba/Ca peak. Moreover, the barium composition of ice-rafted 
debris is not known, and ice-rafted debris may be too insoluble to provide large amounts of barium to 
sediment porewaters. This idea could be investigated further by measuring ice-rafted debris in 
additional cores nearby to the GC528 sampling site, both in terms of its abundance and its barium 
content. 
 
4.5.4.4 A stagnation event 
 Given that a stagnation event in AABW formation (Hayes et al. 2014) is capable of explaining 
the higher barium concentrations of MIS 5e compared to the Holocene (see Section 4.5.3 ‘Comparison 
of the Holocene with MIS 5e’), perhaps such an event is also capable of explaining this intra-Holocene 
increase in barium. Short-term (centennial- to millennial-scale) changes in Atlantic Ocean circulation 
have been observed within interglacial periods (e.g. Oppo et al. 2003; Hall et al. 2004; Ellison et al. 
2006; Kleiven et al. 2008; Mayewski et al. 2004) so it is not outside the realms of possibility for such 
an event to have occurred within the Holocene on this short a timescale. However, such an event would 
have far-reaching effects and so would be recorded in multiple sediment cores, but there is little 
evidence in the literature of such an event, except for a minimum in NADW flow at one site in the North 
Atlantic (Bianchi & Mccave 1999) which is not observed in other nearby records (Thornalley et al. 
2013). The seawater barium concentration estimated at the height of the Ba/Ca peak is greater than that 
of MIS 5e (Figure 4.5), so if this were caused by a stagnation event it would require an event of even 
greater magnitude than that which occurred during MIS 5e. Given the lack of evidence for this in other 
sediment cores, the occurrence of such an event at ~2.3 ka seems unlikely. Furthermore, the MIS 5e 
stagnation event was accompanied by a temporary decrease in atmospheric carbon dioxide of ~13 ppmv 
(Figure 4.6). No such variability occurs at ~2.3 ka (Figure 4.8), casting further doubt on the occurrence 
of a stagnation event at this time. 
 
4.5.4.5 The Malvinas Current 
 An increase in dissolved barium concentration at this site could be caused by enhanced vertical 
mixing within the Malvinas Current, resulting in the entrainment of deeper, higher-barium waters onto 
the core site. Vertical mixing in the Malvinas Current partially derives from both barotropic and 
baroclinic flow. This was determined using current meters moored at various depths within the 
Malvinas Current: vertical flow within the Malvinas Current was observed both following isobaths 
(barotropic) and diverging from isobaths (baroclinic flow) (Vivier & Provost 1999). The amount of 




driven component of vertical baroclinic flow via an increased vertical temperature gradient. Baroclinic 
vertical flow has been observed at depths up to ~2200 m in the Malvinas Current (Vivier & Provost 
1999). At these depths, seawater dissolved barium concentrations reach up to ~100 nM (Figure 4.11) 
and alkalinity up to ~2380 µequiv/kg (Figure 4.12). These values are consistent with the lower end of 
the seawater barium and alkalinity estimates in the peak at ~2.3 ka (Figure 4.5). In summary, at ~2.3 ka 
the Malvinas Current might have experienced enhanced vertical mixing, which increased the influence 
of deeper, high-barium high-alkalinity waters on the core site. 
This increased baroclinic flow within the Malvinas Current could have been caused by a greater 
contrast in temperature between the surface and depth, resulting in a greater vertical temperature 
gradient. The lack of a strong change in either Mg/Ca-derived temperature, sea surface temperature or 
foraminiferal δ18O (which in benthic environments is indicative of temperature variability rather than 
freshwater forcing) at ~2.3 ka (Figure 4.8) suggests that the temperature change and enhanced vertical 
mixing may have occurred upstream of the site. The increased entrainment of deeper waters might be 
expected to decrease dissolved oxygen concentrations, due to the lower oxygen concentrations of deeper 
waters (Figure 4.13). However there is no sharp change in Mn/Ca, a proxy for bottom water oxygenation 
(Koho et al. 2015; McKay et al. 2015), evident at ~2.3 ka. This could be because the Mn/Ca proxy lacks 
sufficient sensitivity for resolving this small a change in oxygen concentrations, or because changes in 
primary productivity mitigate the oxygen change. An increase in nutrient concentrations caused by 
stronger vertical mixing would increase the amount of organic matter production, thereby lowering 
dissolved oxygen concentrations via remineralisation. In summary, neither temperature evidence nor 
the Mn/Ca ratios support this hypothesis, but neither do they refute it strongly. 
A possible mechanism for enhanced temperature-driven vertical baroclinic flow within the 
Malvinas Current at ~2.3 ka is unclear, as this process would require a temporary yet millennial-scale 
change in the vertical temperature gradient within the Malvinas Current. An alternative cause of 
enhanced vertical mixing is a change in turbulent mixing. Vertical turbulent mixing within the ACC is 
sensitive to the underlying topography (Sloyan 2005), so either: a) a change in the position of the 
Malvinas Current relative to the underlying topography; or b) a temporary change in topography whilst 
the position of the Malvinas Current remained constant would result in a temporary increase in vertical 
mixing within the Malvinas Current. The location of the Antarctic Polar Front, and by extension the 
position of the Malvinas Current, is sensitive to the position and strength of local westerly winds (Taylor 
et al. 1978), whereas a sedimentary mass movement followed by gradual sediment redistribution would 
facilitate a relatively sudden yet temporary change in topography. 
Overall, this mechanism is perhaps one of the more likely causes of the barium peak at ~2.3 ka 
out of the possibilities considered here. The suddenness of the event could be attributed to the 
topography of the core site, which is situated near to the shelf break (Figure 4.2) potentially rendering 
it sensitive to relatively small changes in ocean circulation or topography. Furthermore, such an event 




core yet absent from other Atlantic sediment cores. Unlike most of the other possibilities considered 
above in Sections 4.5.4.1 to 4.5.4.4, this explanation is therefore capable of explaining not only the 
sudden, large change in seawater barium concentration at this site, but also the lack of evidence for such 
an event in regional records. A second possible cause of the ~2.3 ka peak is a sudden sedimentation 
event which meant that the infaunal foraminifera temporarily lived at greater depths within the 
sediment, where porewater barium concentrations are higher, before migrating back to their prior 
habitat. This mechanism requires that the ~2.3 ka event was a very short-lived event, as it is unlikely 
that the foraminifera would maintain their altered habitat for an extended period of time before returning 
to their previous habitation depth. To investigate each of these possible mechanisms further, additional 
measurements from either side of the ~2.3 ka peak could be used to determine whether this was indeed 
a short-lived event or a more prolonged change which might be more likely attributed to a change in 
Malvinas Current circulation or broader-scale changes. 
 
 
Figure 4.11. GEOSECS seawater barium concentrations in the western Atlantic Ocean. 
 
 
























At this site in the southwest Atlantic, foraminiferal Ba/Ca ratios, and by inference seawater 
barium concentrations and alkalinity, were significantly higher in MIS 5e than during the Holocene 
(with the exception of a large Ba/Ca peak at ~2.3 ka, which is discussed separately below). The higher 
seawater barium concentrations of MIS 5e may result from a slowing-down in the formation of AABW, 
known as a ‘stagnation event’, at this time (Hayes et al. 2014). An AABW stagnation event during MIS 
5e was identified by Hayes et al. 2014, who attribute low oxygen concentrations to this phenomenon 
and suggest that it may have temporarily increased carbon storage within AABW (Hayes et al. 2014). 
This mechanism is fundamentally different to the glacial-interglacial mechanism of enhanced AABW 
formation and carbon storage during glacial periods, because it only invokes a change in chemical water 
mass properties, rather than a large-scale physical redistribution of water masses. Here, the definition 
of a stagnation event is extended to include an increase in dissolved barium storage within AABW. 
These changes in AABW were conveyed to ASW, which bathes the core site, via mixing with NADW 
which forms ASW through upwelling (Brown et al. 2004). The relative timing between the stagnation 
event and the results of this study is not certain, however. The precise date at which the event ended is 
not clear, because variability in sortable silt size, an indicator of flow rate, lags behind changes in 
authigenic uranium and pCO2atm. The stagnation event may have fully preceded the observations of this 
study or may have continued to influence water mass properties after the event had ended, partially due 
to the time required for this change to be transmitted through the ocean. Further measurements could 
clarify this further. The Mg/Ca-derived temperatures are approximately 2 ºC warmer in MIS 5e than in 
the Holocene, in agreement with previous authors (Otto-Bliesner et al. 2006; Kaspar et al. 2005). 
Warmer temperatures during MIS 5e are consistent with an AABW stagnation event during this time. 
Mn/Ca ratios are also significantly larger during MIS 5e, which may indicate that bottom waters were 
less oxygenated (McKay et al. 2015), in agreement with the evidence of Hayes et al. 2014. The use of 
high Mn/Ca ratios as an indicator for low oxygen concentrations in the benthic infaunal species Melonis 
barleeanus suggests that the findings of Koho et al. 2015, who report that high Mn/Ca ratios in this 
species indicate greater oxygenation of bottom waters, may not always be applicable. Care should 
therefore be taken to determine the habitation depth of M. barleeanus as accurately as possible prior to 
using this proxy. 
Within the Holocene, a large peak in Ba/Ca is observed at approximately 2.3 ka (Figure 4.8). 
This is incongruous in the context of the Holocene, which elsewise shows little variability in Ba/Ca 
(Figure 4.8). Several possibilities are discussed for the cause of this Ba/Ca peak. Of these, perhaps the 
most likely is that enhanced vertical mixing within the Malvinas Current caused increased entrainment 
of deeper, higher-barium waters at this time. If the peak was caused by a localised event its occurrence 
would not have strong implications for the wider environment. However, it may nonetheless be 
important to confirm the origin of this peak with greater certainty in order to increase confidence in the 




In summary, the results presented here provide evidence for important variability both within 
and between interglacial periods. The MIS 5e stagnation event has implications for the future of the 
Holocene under anthropogenic warming, because a temperature increase may trigger a similar event 
within the Holocene. This could result in enhanced carbon storage within AABW, mitigating some of 
the ongoing pCO2atm rise. Within the Holocene, a peak in Ba/Ca has been observed at ~2.3 ka. Although 
this event may not have far-reaching implications for the climate system, determining its cause with 
certainty would nevertheless be beneficial. This could confirm that the methods used here are not 
susceptible to barite contamination of this magnitude whilst simultaneously revealing a potential new 
application for Ba/Ca ratios. If the Ba/Ca peak is confirmed to be caused by the entrainment of deeper, 
high-barium waters, this would suggest that, at certain sites, benthic foraminiferal Ba/Ca is sensitive to 
changes in vertical mixing and can therefore be used as an upwelling proxy. Further investigations into 
the hypotheses discussed in this study would therefore be beneficial, both to understanding and thus 














 The distribution of dissolved barium in the oceans is well known, but questions remain about 
why dissolved barium concentrations are linked to seawater alkalinity and silica concentrations. Several 
barium-based oceanographic proxies have previously been developed, providing information about 
ocean circulation, seawater alkalinity, dissolved silica concentrations, river runoff, glacial meltwater 
discharge, monsoon rains, seawater temperatures, upwelling and marine productivity in the past. The 
reliability of these proxies depends on a full understanding of oceanic barium dynamics, providing 
motivation for further study of the processes governing oceanic barium distributions. In this chapter, 
seawater barium isotope ratios are used to study these processes using samples from the tropical North 
Atlantic Ocean and southeast Atlantic Ocean. Results suggest that below ‘near-surface’ depths 
(approximately 0 – 500 m), barium is largely controlled by conservative mixing of water masses. In the 
upper 500 m barite cycling asserts a stronger influence than at greater depths, with additional contrasts 
caused by the depth of the mixed layer in relation to this non-conservative behaviour. Evidence is also 
presented for non-conservative processes affecting barium within marine sediments. In addition, the 
possibility of developing foraminiferal barium isotope ratios as a proxy for seawater barium isotope 
ratios is investigated. Barium isotope ratios are measured in the planktic foraminifer Orbulina universa 
from the tropical North Atlantic Ocean. Foraminiferal barium isotope ratios are isotopically lighter than 
seawater values. The magnitude of this isotopic offset is variable, which may be due to vital effects 
associated with different morphotypes of O. universa. Overall, the results presented in this chapter 
provide insights into oceanic barium cycling in the Atlantic which are in agreement with previous 
studies, and suggest that with further development foraminiferal barium isotope ratios could be used to 


















 Although it has been established that seawater barium concentrations have refractory nutrient-
like profiles (e.g. Chan et al. 1977; Jeandel et al. 1996), the reason for this remains uncertain. Barium 
concentrations are linked to marine productivity by barite precipitation, which occurs within organic 
matter during remineralisation (Goldberg & Arrhenius 1958; Church 1970; Ganeshram et al. 2003; 
Bishop 1988; Bernstein et al. 1992; Bernstein et al. 1998; Chow & Goldberg 1960). However, this does 
not explain why barium has such a strong correlation with dissolved silica and alkalinity and yet not 
with nitrate and phosphate. This is observed at many locations, not only within diatom-rich regions such 
as the Southern Ocean (e.g. Chan et al. 1977), so diatom abundance cannot explain this phenomenon. 
Additionally, the controls on barite formation depths are not well known because although particulate 
barium peaks in the upper ~500 m (Dehairs et al. 1980; Bishop 1988; Dehairs et al. 1990; Dehairs et al. 
1991; Stroobants et al. 1991; Dehairs et al. 1992; Legeleux & Reyss 1996; van Beek et al. 2007) 
228Ra/226Ra evidence suggests that barite also forms at intermediate depths in the water column (van 
Beek et al. 2007). The relative contributions of barium from various sources is also not well-established: 
barium could be released from within organic matter, from the dissolution of barium-bearing minerals 
such as barite, or from desorption. Quantifying the relative contributions of these sources would aid in 
determining the mechanistic link between barium and refractory nutrient distributions. 
Clarification of the controls on oceanic barium distributions would be beneficial to 
understanding the mechanisms behind oceanographic proxies based on marine barium, of which there 
are several. Benthic foraminiferal Ba/Ca ratios have been used as a proxy for ocean circulation, seawater 
alkalinity and dissolved silica concentrations (Lea & Boyle 1989; Lea & Boyle 1990a; Lea & Boyle 
1990b; Lea 1990; Lea 1993; Lea 1995; Hall & Chan 2004b) and this approach has also been applied 
using corals (Anagnostou et al. 2011; LaVigne et al. 2011). Planktic foraminiferal Ba/Ca can be used 
to study freshwater inputs such as river runoff, glacial discharge and monsoon rains (Weldeab et al. 
2007b; Weldeab et al. 2007a; Weldeab et al. 2014; Weldeab 2012; Sprovieri et al. 2012; Sprovieri et 
al. 2008; Hall & Chan 2004b; Bahr et al. 2013; Saraswat et al. 2013) or to trace both ocean circulation 
and river runoff (Lea & Boyle 1991; Lea 1990). Similarly, Ba/Ca ratios in corals and coralline algae 
have provided information about freshwater inputs (Chan et al. 2011; Horta-Puga & Carriquiry 2012; 
Grove et al. 2012; Moyer et al. 2012; Montagna et al. 2007) as well as seawater temperatures and 
upwelling (Lea et al. 1989; Shen et al. 1992; Chen et al. 2011; Fallon et al. 1999; Lea 1990; Montagna 
et al. 2007; LaVigne et al. 2016). Ba/Ca ratios in saltwater clams and bivalves can also be used to study 
freshwater inputs as well as marine productivity (Batenburg et al. 2011; Elliot et al. 2009; Hatch et al. 
2013; Carroll et al. 2009; Gillikin et al. 2008; Gillikin et al. 2006; Lazareth et al. 2003). Other proxies 
making use of the link between barium and productivity are based on the properties of marine 
sediments: accumulation rates of ‘excess Ba’ (barium which is not lithogenic and so is assumed to come 
from the water column) can be used to calculate productivity export rates from overlying waters 




Bonn et al. 1998; Bains et al. 2000); a similar approach is used to interpret variations in sedimentary 
Ba/Ti and Ba/Al ratios as changes in productivity, where Ti and Al are assumed to be purely lithogenic 
and the lithogenic contribution of Ba is assumed to remain constant, such that any variability is caused 
by variable production of marine barite (Goldberg & Arrhenius 1958; Murray & Leinen 1996; Reitz et 
al. 2004; Murray et al. 2000); and sedimentary marine barite abundances can also be measured directly, 
by isolating barites from sediments using sequential leaching followed by identification using scanning 
electron microscopy (Paytan 1996; Eagle et al. 2003; Robin et al. 2003; Turchyn & Schrag 2004; Paytan 
et al. 1996). The accurate use of these barium-based proxies depends on an understanding of barium 
behaviour in sediments and seawater. It is therefore important that the mechanisms controlling marine 
barium continue to be investigated. 
Barium isotope ratios can provide new insights into seawater barium distributions and 
sedimentary processes. There are six stable isotopes of barium; the most abundant is 138Ba (71.698 % 
relative abundance), followed by 137Ba (11.232 %), 136Ba (7.854 %), 135Ba (6.592 %), 134Ba (2.417 %) 
and 130Ba (0.106 %). In this study, 138/134Ba barium isotope ratios are reported in delta notation as shown 
in Equation 5.1. The advantage of using 138Ba is its high abundance, because this reduces the difficulty 
of measuring barium isotope ratios in very low-barium samples such as seawater (Horner et al. 2015). 
Some studies have used the isotope 137Ba rather than 138Ba (van Zuilen et al. in press). The advantages 
of using 137Ba rather than 138Ba are that certain instruments lack the dynamic range required to measure 
138Ba alongside other much-less abundant isotopes, and that 138Ba experiences isobaric interference 
from 138La and 138Ce (Horner et al. 2015). However, the dynamic range of the instrument used by Horner 
et al. 2015 and this study is sufficient to measure 138Ba alongside other isotopes, and the method corrects 
for isobaric interferences on 138Ba, allowing 138Ba to be used instead of 137Ba. The measurement of 
barium isotope ratios is a relatively novel technique and as such a standard notation has not yet been 
agreed upon (van Zuilen et al. in press). Here, values which were reported by other studies using the 
137/134Ba notation have been converted into 138/134Ba notation for comparison with the results of this study 
using a conversion factor as shown in Equation 5.2. All of the barium isotope ratio data presented here 
(including those of Horner et al. 2015) therefore use the 138/134Ba notation as shown in Equation 5.1. 
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Seawater barium isotope ratios have been measured in the southeast Atlantic and South and 




isotope ratios remain approximately constant over the top 100 m and are heavier at these depths than in 
deeper waters (Horner et al. 2015; Cao et al. 2016). Horner et al. 2015 and Cao et al. 2016 attribute the 
heavier barium isotope ratios of shallower waters to productivity-related processes preferentially 
removing lighter isotopes of barium: barite precipitation (Horner et al. 2015) and adsorption of barium 
onto diatoms (Cao et al. 2016). In deeper waters, barium isotope ratios appear to be controlled by 
conservative mixing of water masses (Horner et al. 2015; Cao et al. 2016). The measurement of 
additional seawater barium isotope ratio profiles will provide further insights into the broad-scale and 
near-surface controls of marine barium distributions. 
As well as aiding the use of the barium-based proxies described above, barium isotope ratios 
could themselves be developed into a new palaeoceanographic proxy. Barite precipitation is thought to 
increase seawater barium isotope ratios because barites precipitated in laboratory experiments have 
lighter barium isotope ratios than the solutions they precipitated from (von Allmen et al. 2010). This 
fractionation occurs because the ease of desolvation of a dissolved barium ion, and hence the ease of 
incorporation into a precipitating mineral, is inversely correlated to the isotopic mass of the barium ion 
(Hofmann et al. 2012). Laboratory-precipitated witherites (BaCO3), the double carbonate BaMn(CO3)2 
and natural marine barites have also been found to preferentially incorporate lighter isotopes of barium 
(Böttcher et al. 2012a; Böttcher et al. 2012b; Pretet 2013; Pretet et al. 2015; von Allmen et al. 2010; 
Table 5.1). Barium isotope ratios have also been measured in corals (Pretet 2013; Pretet et al. 2015; 
Table 5.1). Laboratory-cultured coral samples were isotopically lighter than ambient seawater, with 
seawater-coral barium isotope ratio offsets ranging from 0 to 0.26 ‰ (Pretet 2013; Pretet et al. 2015; 
Table 5.1). Barium isotope ratios in corals are highly variable (Pretet 2013; Pretet et al. 2015), which 
contrasts with relatively consistent barium partition coefficients for corals (Pretet et al. 2015), 
suggesting that barium isotope ratios in corals experience stronger vital effects than Ba/Ca ratios (Pretet 
et al. 2015). The variability may also be due to environmental differences (Pretet et al. 2015). If barium 
isotope ratios in corals could be used to reconstruct seawater barium isotope ratios, this could be used 
as a proxy for productivity or ocean circulation, depending on the processes controlling seawater barium 
isotope ratios at the site location. To further explore the possibility of using barium isotope ratios in 
marine carbonates as a proxy for seawater barium isotope ratios, in this study barium isotope ratios are 
measured in foraminifera for the first time. 
In summary, in this chapter barium isotope ratios and barium concentrations are measured in 
three new seawater profiles from the tropical North Atlantic Ocean. These are compared to profiles 
from the southeast Atlantic to build up a picture of the distribution of barium isotope ratios in the 
Atlantic and to assess what processes might control these distributions at broad scales and within near-
surface waters. In addition, foraminiferal barium isotope ratios and Ba/Ca ratios are measured in the 
planktic foraminifer Orbulina universa. These measurements are the first step towards assessing the 





Table 5.1. Barium isotope ratios in carbonate and sulphate minerals and their relation to barium 
isotope ratios of their ambient solutions. 
Material δ138/134Ba ± 2SE of 
carbonate (‰) 
Comparison to solution Reference 
Witherite a –0.08 ± 0.04 Carbonates are ~0 – 0.3 ‰ 
lighter than solution 
von Allmen et al. 2010 
–0.19 ± 0.07 
–0.43 ± 0.07 
–0.37 ± 0.01 
Barite a –0.32 ± 0.02 Carbonates are ~0.25 – 0.35 
‰ lighter than solution 
von Allmen et al. 2010 
–0.36 ± 0.07 
Barite b –0.68 ± 0.05  von Allmen et al. 2010 
BaMn(CO3)2 a –0.12 ± 0.05 Carbonate is ~0.11 ‰ 
lighter than solution 




0.18 ± 0.03 Corals are ~0 – 0.26 ‰ 
lighter than solution 
Pretet 2013; Pretet et 
al. 2015 0.24 ± 0.05 
Coral (warm-water 
species) b 
0.59 ± 0.07 
0.74 ± 0.04 
1.03 ± 0.07 
0.54 ± 0.10 
Coral (warm-water 
species) c 
0.45 ± 0.12 Corals are ~0 – 0.26 ‰ 
lighter than solution 
Pretet 2013; Pretet et 
al. 2015 0.47 ± 0.12 
0.25 ± 0.10 
0.54 ± 0.08 
0.22 ± 0.08 
a) experimentally-precipitated; b) natural sample collected from the marine environment; c) 
cultured in the laboratory using an inflow of seawater. Warm-water coral species are from Florida 
and the Bahamas; cold-water species are from the Norwegian shelf. Witherite is barium carbonate 










5.3.1 Sample collection 
 Sediment and seawater samples were collected from the tropical North Atlantic during cruise 
JC094 of the RRS James Cook (Table 5.2; Figure 5.1). Seawater was sampled using a carousel of Niskin 
bottles and was filtered (0.2 µm AcroPak filter) and acidified (0.1 % v/v acid using Romil ultra-pure 
HCl) on board at the time of collection. Sediment sample S0157 was collected via box corer: 
approximately 16 cm of sediment was recovered, from which sample S0157 was collected as a bulk 
sample from approximately 10 – 16 cm beneath the sediment-water interface. The remaining sediment 
samples (S0059, S0066, S0131 and S0177) were taken from the core-tops (0 – 1 cm) of sediment cores 
collected via megacorer. Sediment and seawater samples were stored under refrigeration during the 
cruise. 
 To facilitate a comparison of the North and South Atlantic, previously-published data (Horner 
et al. 2015) and unpublished data (H. Pryer & Dr T. Horner, pers. com. 2016) from the southeast Atlantic 




Table 5.2. Details of sediment samples and seawater profiles collected in the tropical North Atlantic 
and previously-published data (CTD025, Horner et al. 2015) and unpublished data (CTD013, H. 
Pryer & Dr T. Horner, pers. com. 2016) from the southeast Atlantic. 
Sample Location Cruise Station Depth Latitude Longitude Date 
Sediment 
S0059 T. N. Atl. JC094 016 3400 m 7º48.0’N 21º24.0’W 28/10/13 
S0066 T. N. Atl. JC094 019 3428 m 7º26.1’N 21º47.8’W 28/10/13 
S0131 T. N. Atl. JC094 046 4128 m 15º10.4’N 48º15.0’W 18/11/13 
S0157 T. N. Atl. JC094 053 3722 m 14º46.0’N 48º15.0’W 22/11/13 
S0177 T. N. Atl. JC094 061 2713 m 15º27.9’N 50º59.5’W 27/11/13 
Seawater 
CTD002 T. N. Atl. JC094 002 4524 m 9º17.1’N 21º38.0’W 19/10/13 
CTD005 T. N. Atl. JC094 039 5161 m 10º51.8’N 44º29.5’W 11/11/13 
CTD006 T. N. Atl. JC094 044 4183 m 15º16.2’N 48º15.6’W 16/11/13 
CTD013 S. E. Atl. D357 003 4894 m 36º27.3’S 13º23.3’E 23/10/10 
CTD025 S. E. Atl. D357 006 4927 m 39º59.3’S 0º55.0’E 30/10/10 






Figure 5.1. Map of sampling sites in the tropical North Atlantic (‘CTD’ sites = seawater profiles and 
‘S’ sites = sediment samples) and locations of previously-published data (CTD025, Horner et al. 2015) 
and unpublished data (CTD013, H. Pryer & Dr T. Horner, pers. com. 2016) from the southeast Atlantic. 








5.3.2 Seawater methods 
5.3.2.1 Barium isotope ratios and barium concentrations 
 Seawater barium isotope ratios and barium concentrations were measured at the Department of 
Marine Chemistry and Geochemistry and the WHOI Plasma Facility at Woods Hole Oceanographic 
Institution using the double-spiking method of Horner et al. 2015. Firstly, samples were spiked in order 
to obtain a 1:1 sample to spike ratio in the resulting mixture. Spike volumes were calculated using 
estimated dissolved barium concentrations obtained using the oceanic relationship between [Ba] and 
[Si] (Figure 1 in Horner et al. 2015) in combination with previously-made [Si] measurements. A double 
spike containing 135Ba and 136Ba was used rather than the previously-used 135Ba-137Ba double spike of 
Horner et al. 2015 to minimise the impact of 137Xe interference (present in the Ar gas) on 137Ba during 
mass spectrometry. Spiking was performed by adding the spike to empty vials, drying these down and 
adding 5 ml seawater to the pre-spiked vials. 70 µl ultra-pure 1 M HCl was added to each sample to 
keep the acidification of seawater samples consistent across both cruises to aid comparisons (JC094 and 
D357; Table 5.2). These solutions were fluxed overnight at 80 ºC to equilibrate sample and spike. Next, 
co-precipitation was used as an extra purification step prior to column chemistry. Samples were 
decanted into 15 ml centrifuge tubes and 50 µl of 1 M Na2CO3 was added to each sample seven times, 
shaking the samples between additions. Samples were then centrifuged at 7197 rcf for 5 minutes to 
accumulate the precipitate at the bottoms of the centrifuge tubes and the overlying solutions were 
removed via pipette. The precipitates were then dissolved by adding ~2 ml Milli-Q H2O and 0.5 ml 6M 
HCl to each sample, decanting these back into their original vials and then repeating this to give a total 
sample volume of 5 ml. The samples were then dried down. Next, samples were dissolved in 250 µl 2.3 
M HCl and refluxed at 80ºC to prepare them for column chemistry. Columns of ~500 µl AG 50W-X8 
cation exchange resin were cleaned with 5 ml 6 M HCl and conditioned with 5 ml 2.3 M HCl. Following 
this, the samples were loaded onto the columns and non-Ba elements eluted using 5 ml 2.3 M HCl. 250 
µl 2 M HNO3 was then passed through each column before eluting Ba into sample vials using 2750 µl 
2 M HNO3. The samples were then dried down. In addition, in light of two anomalously low barium 
isotope ratios measured in CTD006, seawater profiles CTD002 and CTD005 were put through column 
chemistry once more to ensure that matrix effects were minimised. To remove any possible organic 
contamination originating from the resin, each sample was dissolved in 5 drops of concentrated HNO3 
and then dried down. To prepare them for measurement, samples were then dissolved in 2 ml 2 % HNO3 
and refluxed at 80 ºC overnight before decanting into 2 ml measurement vials. 
Samples were run at the Plasma Mass Spectrometry Facility, Woods Hole Oceanographic 
Institution on a Thermo Finnigan Neptune MC-ICP-MS with a nickel sample cone, nickel ‘X’ skimmer 
cone, Elemental Scientific PFA MicroFlow self-aspirating Teflon nebuliser and CETAC Aridus II, with 
a N2-Ar gas flow. The following isotopes were measured: 135Ba, 136Ba, 137Ba and 138Ba (to calculate 




139La (to correct for 138La interference on 138Ba); and 140Ce (to correct for 138Ce and 136Ce interferences 
on 138Ba and 136Ba). Interference corrections were made by calculating the expected abundance of the 
interfering isotope using the relative abundances of the isotopes of that element (for example, by using 
the 131Xe measurement to calculate the expected abundance of 136Xe) and then subtracting this expected 
abundance from the barium isotope in question. Isotope ratios were calculated, with interference 
corrections applied simultaneously, relative to National Institute of Standards and Technology (NIST) 
Standard Reference Material 3104a (Equation 5.1). Standards were measured either once at the 
beginning of each run, for comparison with long-term measurements, or several times within each run 
using standard-sample bracketing. Barium isotope ratios were calculated via repeated nested iterations 
as described in Horner et al. 2015. This approach uses a three-dimensional interpretation of double-
spiking equations (Siebert et al. 2001) with 138Ba/135Ba on the x axis, 137Ba/135Ba on the y axis and 
136Ba/135Ba on the z axis (Figure 5.2). Within this three-dimensional space, three known points – ‘S’ 
(the spike), ‘m’ (the measured sample-spike mixture) and ‘n’ (the standard) – are used to calculate two 
unknown points – ‘M’ (the true (unaffected by instrumental mass fractionation) sample-spike mixture) 
and ‘N’ (the sample). The difference between n and N defines the δ138Ba of the sample. Points m, M 
and S form one curved plane, points n, N and S form another curved plane and the line along which 
these two planes intersect is a mixing line between S and N upon which M falls (Figure 5.2). An initial 
value of N (set by δ138Ba = 5000 ‰) is used to calculate M, which is then used to calculate a new N. 
This is repeated until the δ138Ba of the sample remains constant to the 9th decimal place, which is 
typically after five iterations. Barium isotope ratios were not blank-corrected because the amount of 
barium present in the blanks (1 – 3 % of the total barium in a sample) was negligible compared to 
internal precision (Dr T. Horner, pers. com. 2015). Blanks underwent the same treatment as samples. 
Barium isotope ratios were converted from 138Ba/135Ba notation into 138Ba/134Ba notation, as 













	/!	  	0 D
× δ6;/6<Ba = 1.34 × δ6;/6<Ba          (5.3) 
 






H41×EI'E1"1'(41×")           (5.4) 
sample	[Ba] = )?	[%]":E           (5.5) 
 
Where S:N is the sample-to-spike ratio, Sx and Sy are the abundances of 138Ba and 135Ba in the 




the sample-spike mixture which has been corrected for instrumental mass fractionation and Mxy is the 
138Ba/135Ba ratio of the sample-spike mixture corrected for instrumental mass fractionation. This was 
calculated for samples and blanks separately prior to blank-correcting the samples. 
 
  
Figure 5.2. Visual representation of a hypothetical solution to the double-spiking equations as used in 
Horner et al. 2015, based on the three-dimensional approach of Siebert et al. 2001. ‘S’ is the composition 
of the spike solution, ‘N’ is the sample, ‘n’ is the standard, ‘M’ is the true (unaffected by instrumental 
mass fractionation) sample-spike mixture and ‘m’ is the measured sample-spike mixture. The 
relationship between ‘N’ and ‘n’ defines δ138Ba and the relationship between ‘M’ and ‘m’ is set by 
instrumental mass fractionation. The dashed line at the intersection of two planes is a mixing line 
between ‘S’ and ‘N’ upon which ‘M’ falls. 
  
5.3.2.2 Sensor data, nutrients and total alkalinity 
 Seawater temperature, conductivity (converted to salinity using a Guildline Autosal salinometer 
and Autosal software), fluorescence and dissolved oxygen were measured in-situ using a Sea-Bird 
(SBE) 9plus underwater unit fitted with SBE 3 temperature sensors, SBE 4 conductivity sensors, a CTG 
AquaTracka MKIII fluorimeter and a Sea-Bird 43 dissolved oxygen sensor. In-situ temperature data 
were converted into potential temperature relative to the sea surface in MatLab (Meyer 2015). Potential 
density was calculated using potential temperature and salinity data (Maidment 1993). Fluorescence 




          (5.6) 
Where FR is relative fluorescence, F is the original fluorescence, Fmin is the minimum F in the seawater 


























Seawater silicate, nitrite and combined nitrite and nitrate concentrations were measured in 
unfiltered seawater samples using a Bran+Luebbe five-channel segmented flow autoanalyser and high-
resolution colorimeter (E. M. Woodward, pers. com. 2014). Nitrate concentrations were calculated by 
subtracting nitrite concentrations from combined nitrite and nitrate concentrations. Total alkalinity was 
measured via closed-cell titration (Dickson et al. 2007) at the UK Ocean Acidification Research 
Program Carbonate Chemistry Facility at the National Oceanography Centre, Southampton (A. 
Griffiths, pers. com. 2015). 
 
5.3.2.3 Si* and Ba* 
Si* (“Si-star”) and Ba* (“Ba-star”) were calculated using the following equations (Gruber & 
Sarmiento 1997; Sarmiento et al. 2004; Horner et al. 2015): 
 
N∗ = NO6'− 16[PO8]          (5.7) 
Si∗(μM) = SiOH8− NO6'+ δ          (5.8) 
Ba∗(nM) = Ba − 0.6839SiOH8− 39.42          (5.9) 
 
Where δ = 1 if N* < –3 µM and δ = 0 if N* ≥ –3 µM as a correction for denitrification (Sarmiento et al. 
2004). In Equation 5.7, Equation 5.8 and Equation 5.9 all concentrations are in units of µM except for 
[Ba] which is in nM. Equation 5.9 is based on the equation of Horner et al. 2015, updated to include the 
[Ba] and [Si] data from this study. 
 
5.3.3 Foraminifer methods 
5.3.3.1 Foraminifer picking 
 Sediment sample S0157 was separated into coarse (> 63 µm) and fine (< 63 µm) fractions via 
wet sieving and gravity settling, then oven-dried at 45 ºC, at the School of Earth and Ocean Sciences, 
Cardiff University. The remaining sediment samples were dried and sieved at the Lamont-Doherty 
Earth Observatory, Columbia University (A. Jacobel, pers. com. 2015). Foraminifera were picked under 
optical microscope using a brush wetted with RO water at the School of Earth Sciences, University of 
Bristol. The planktic foraminifer Orbulina universa was picked from size fractions 355 – 425 µm and 
> 425 µm of sediment sample S0157 so that results from different size fractions could be compared. 
Size fraction > 425 µm was used for the remaining sediment samples because O. universa was more 
plentiful in this size fraction. 
 This species was selected because several previously-published DBa values (barium partition 
coefficients) are available for O. universa, facilitating a comparison of the DBa measured here with those 
measured by others. Also, a mass of at least 10 ng Ba is required for this method (Dr T. Horner, pers. 




for this species. O. universa was present in plentiful amounts in these sediments and thus able to provide 
the required masses of calcium carbonate. A further benefit is that O. universa is a cosmopolitan species, 
present between approximately 60 ºN and 50 ºS globally (Gupta 1999), making it a convenient choice 
for future studies seeking to compare their results with the data presented here. 
 Foraminifera were picked for: a) barium isotope ratio and Ba/Ca measurement at Woods Hole 
Oceanographic Institution; b) Ba/Ca measurement at the University of Bristol for interlaboratory 
comparison (see Section 2.4.6 ‘Interlaboratory comparison’); c) oxygen and carbon isotope ratios; and 
d) scanning electron microscopy. The total weights of the foraminifer samples picked for barium isotope 
ratio and Ba/Ca measurement at Woods Hole Oceanographic Institution are provided in Table 5.3. For 
the remaining methods, only a few individuals were required per sample. Two visually-distinct types 
of O. universa were seen in the samples: a ‘clear’ type which was translucent when wet; and an ‘opaque’ 
type which was opaque when wet. Because large numbers of foraminifera were required for the barium 
isotope ratio and Ba/Ca measurements at Woods Hole Oceanographic Institution (Table 5.3), both types 
were combined together when picking. For the remaining measurements, separate ‘clear’ and ‘opaque’ 
samples were picked to investigate how these two types compare. 
 
Table 5.3. Numbers and total weights of foraminifera picked for barium isotope ratio and Ba/Ca 
measurement at Woods Hole Oceanographic Institution. 
Sediment 
sample 




Total weight of foraminifer 
sample after cleaning (mg) a 
S0157 355 – 425 800 17.14 
S0157 > 425 320 18.81 
S0059 > 425 620 20.12 
S0066 > 425 620 19.63 
S0131 > 425 420 20.69 
S0177 > 425 220 13.23 
a) All foraminifer samples were cleaned at the School of Earth Sciences, University of Bristol via 
the methods described in Section 2.2 ‘Foraminiferal cleaning procedure’. 
 
5.3.3.2 Barium isotope ratios and Ba/Ca 
 Prior to measurement, foraminifer samples were cleaned at the School of Earth Sciences, 
University of Bristol using the method described in Section 2.2 ‘Foraminiferal cleaning procedure’. 
Ba/Ca ratios in O. universa from sediment sample S0157 were measured at the School of Earth 
Sciences, University of Bristol using the methods described in Chapter 2 ‘Trace Metal Methods’ to 
facilitate an interlaboratory comparison with Woods Hole Oceanographic Institution (see Section 2.4.6 




samples were measured at the Department of Marine Chemistry and Geochemistry and the WHOI 
Plasma Facility at Woods Hole Oceanographic Institution. Barium isotope ratios were measured using 
the seawater method as described in Section 5.3.2 ‘Seawater methods’, excepting that: foraminifera 
were dissolved in a few drops of concentrated HCl and dried down prior to spiking and spike volumes 
were calculated to attain a 1:1 sample:spike ratio based on the predicted Ba/Ca of the samples (given 
seawater [Ba] and foraminiferal DBa); and instead of the co-precipitation stage, foraminifer samples 
were fluxed in 6 M HCl at 135 ºC for at least 1 hour to remove nitrogen. The remainder of the method 
(from column chemistry onwards) was the same as for seawater. Ba/Ca ratios were calculated via: 
sample	Ba	mass = )?	%	":E           (5.10) 





          (5.11) 
sample
%
 ratio = 	%		
	          (5.12) 
Where S:N is the sample-to-spike ratio as calculated by Equation 5.4. The masses of Ba in the samples 
and blanks were calculated and blank corrections applied before proceeding to calculate Ba/Ca ratios 
using Equation 5.12. Equation 5.11 makes the assumption that the total weight of each sample (Table 
5.3) ≈ the weight of CaCO3 in the sample. Blanks underwent the same treatment as samples, including 
the foraminiferal cleaning procedure. 
 
5.3.3.3 Seawater-foraminifer barium isotope ratio offsets 
 Offsets between the barium isotope ratios of foraminifera and those of the ambient seawater 
were calculated by subtracting foraminiferal barium isotope ratios from seawater barium isotope ratios. 
Seawater data from the depths most closely resembling the habitat of O. universa were used (further 
details are provided in Section 5.5 ‘Discussion’). Errors for seawater-foraminifer offsets were 
propagated using the following equation: 
SEJ = SE" + SEK          (5.13) 
Where SEO is the standard error of the seawater-foraminifer offset, SES is the standard error of the 
seawater barium isotope ratio and SEF is that of the foraminifera. 
 
5.3.3.4 Barium partition coefficients 





          (5.14) 
Where (Ba/Ca)f is the foraminiferal Ba/Ca ratio, [Ca]sw is the calcium concentration of the seawater, 
assumed to be 10.3 mM (Dickson & Goyet 1994), and [Ba]sw is the barium concentration of the 
seawater. Seawater barium concentration data from the depths most closely resembling the habitat of 





5.3.3.5 Oxygen and carbon isotope ratios 
 Approximately 50 – 60 µg of foraminifera per measurement were crushed between two RO 
water cleaned glass slides under an optical microscope and then placed in acid-cleaned 500 µl 
microcentrifuge vials. Foraminifer fragments were then ultrasonicated for 5 minutes in approximately 
400 – 500 µl methanol and rinsed twice with Milli-Q water. Sample vials were left open under a clean 
protective guard in a clean fume hood area to dry down completely before measurement. δ18O and δ13C 
were measured at the School of Earth and Ocean Sciences, Cardiff University using a Thermo Scientific 
Kiel IV Carbonate Device with Thermo Scientific MAT 253 isotope ratio mass spectrometer. This 
instrument has a long-term precision of σ = 0.040 ‰ for δ18O and σ = 0.032 ‰ for δ13C (n = 218) using 
a Carrara marble standard (Dr S. Nederbragt, pers. com. 2016). All isotope ratios were calculated 
relative to Vienna Pee Dee Belemnite (VPDB). 
 
5.3.3.6 Scanning electron microscopy 
SEM micrographs of whole shells and fragments of O. universa from sediment sample S0157 
were taken at the British Ocean Sediment Core Research Facility in the National Oceanography Centre, 
University of Southampton using a Hitachi TM1000 Tabletop Microscope. No sample coating was 
required. Samples were mounted on specimen stubs by attaching them to carbon adhesive discs (Leit 
tabs) using a wetted brush. 
 
5.4 Results 
5.4.1 Seawater results 
Seawater profiles of potential temperature, salinity, potential density, fluorescence, dissolved 
oxygen, nitrate, silica, total alkalinity, barium concentration and seawater barium isotope ratios are 
shown in Figure 5.3, Figure 5.4, Figure 5.5 and Figure 5.6. The data are cropped to depths 0 – 600 m 
in lower panels for greater visual clarity of near-surface data. Barium concentrations are plotted against 
silica and total alkalinity in Figure 5.7 and seawater barium isotope ratios are plotted against 1/[Ba] in 
Figure 5.8 and against [Si]/[Ba] in Figure 5.9. Ba* profiles, Si* profiles and plots of Ba* against 
seawater barium isotope ratios are presented in Figure 5.10. Figure 5.11 is a guide to interpreting Ba* 
and Si*. A representative ± 2SE (standard error) error bar (± 0.035 ‰) is shown for the seawater barium 
isotope data. Typical standard errors were 0.03 – 0.04 ‰. A representative error bar is used in order to 
aid visual clarity of the figures. Seawater barium concentrations are plotted without error bars because 






Figure 5.3. Potential temperature (A, D), salinity (B, E) and potential density (C, F) seawater profiles 






Figure 5.4. Fluorescence (A, D), dissolved oxygen concentration (B, E) and nitrate concentration (C, 






Figure 5.5. Silica concentration (A, C) and total alkalinity (B, D) seawater profiles from the tropical 







Figure 5.6. Barium concentration (A, C) and barium isotope ratio (B, D) seawater profiles from the 
tropical North Atlantic and southeast Atlantic. A representative ± 2SE (standard error) error bar (± 0.035 
‰) is shown for the seawater barium isotope data to aid visual clarity; typical standard errors were 0.03 






Figure 5.7. Barium concentration plotted against silica concentration (A) and total alkalinity (B) in 
seawater samples from the tropical North Atlantic and southeast Atlantic. Total alkalinity data were not 
available for the southeast Atlantic sites. Least-squares linear regressions were calculated using data 
from > 500 m. Data from < 500 m are plotted in grey. Regression equations are: Ba = 0.55Si + 45.05 






Figure 5.8. Seawater δ138Ba plotted against the inverse of barium concentrations (1/[Ba]). Symbols with 
a black border are from the tropical North Atlantic: circles are CTD002 (NE), triangles are CTD005 
(NW) and squares are CTD006 (NW). Symbols without a border are from the SE Atlantic: circles are 
CTD013 and triangles are CTD025. Sample depths are colour-coded: light blue is 0 – 500 m (near-
surface), dark blue is 500 – 1000 m (AAIW), red is 1000 – 3000 m (NADW) and grey is > 3000 m 
(AABW). The deepest sample of CTD002 is circled and the samples affected by the DWBC have a 
shaded green background. The solid line is a linear regression through the tropical North Atlantic data 
from > 500 m (y = 20.32x + 0.08, R2 = 0.73, p < 0.05). The dashed line is a linear regression through 
the SE Atlantic data > 500 m (y = 28.82x + 0.01, R2 = 0.93, p < 0.05). A representative ± 2SE error bar 






Figure 5.9. Seawater barium isotope ratios plotted against silica divided by barium concentrations. 
Symbols with a black border are from the tropical North Atlantic: circles are CTD002 (NE), triangles 
are CTD005 (NW) and squares are CTD006 (NW). Symbols without a border are from the southeast 
Atlantic: circles are CTD013 and triangles are CTD025. Symbols are coloured according to sample 
depth: light blue is 0 – 500 m (near-surface), dark blue is 500 – 1000 m (AAIW), red is 1000 – 3000 m 
(NADW) and grey is > 3000 m (AABW). The solid line is a linear regression through the tropical North 
Atlantic data from > 500 m (y = –0.44x + 0.63, R2 = 0.68, p < 0.05). The dashed line is a linear regression 
through the southeast Atlantic data from > 500 m (y = –0.28x + 0.59, R2 = 0.91, p < 0.05). A 
representative ± 2SE (standard error) error bar (± 0.035 ‰) is shown for the seawater barium isotope 






Figure 5.10. Ba* (A), Si* (B) and Ba* plotted against seawater barium isotope ratios (C, D) in seawater 
samples from the tropical North Atlantic and southeast Atlantic. A representative ± 2SE (standard error) 
error bar (± 0.035 ‰) is shown for the seawater barium isotope data to aid visual clarity; typical standard 


















5.4.2 Foraminifer results 
 Foraminiferal barium isotope ratios and Ba/Ca ratios are plotted in Figure 5.12. Ba/Ca ratios 
measured at Woods Hole Oceanographic Institution compare well with those measured at the University 
of Bristol (see Section 2.4.6 ‘Interlaboratory comparison’). ± 2SE error bars are shown for the 
foraminiferal barium isotope data. Ba/Ca ratios are plotted without error bars because their internal 
precision was sufficiently small as to be negligible (Dr T. Horner, pers. com. 2015). DBa values 
calculated using Ba/Ca ratios and seawater barium concentrations are presented in Table 5.4, along with 
previously-published DBa values for O. universa. The DBa values found by this study agree well with 
those of previous studies (Table 5.4). Seawater-foraminifer barium isotope ratio offsets are plotted in 
Figure 5.13 and tabulated in Table 5.5. Oxygen isotope ratios and carbon isotope ratios are plotted in 
Figure 5.14 and Figure 5.15, respectively. Figure 5.16 is a composite SEM micrograph showing whole 
and fragmented samples of O. universa of the two types: ‘clear’ and ‘opaque’. 
 
 
Figure 5.12. Foraminiferal barium isotope ratios plotted against foraminiferal Ba/Ca ratios from the 
same samples (O. universa) with linear regression y = 0.52x – 0.08 (R2 = 0.34, p = 0.23). Error bars on 
barium isotope ratios are ± 2SE (standard error). Ba/Ca error bars are not shown because their internal 
precision was sufficiently small as to be negligible (Dr T. Horner, pers. com. 2015). S0157a is from 





Table 5.4. DBa values (barium partition coefficients) for Orbulina universa. 
This study 
Sediment sample Ba/Ca (µmol/mol) Nearest 
seawater site 
Seawater [Ba] (nM) DBa 
S0059 0.77 CTD002 37.90 0.21 
S0066 0.41 CTD002 37.90 0.11 
S0131 0.46 CTD006 42.14 0.11 
S0157a a 0.63 CTD006 42.14 0.15 
S0157b 0.78 CTD006 42.14 0.19 
S0177 0.53 CTD006 42.14 0.13 
Previous studies 
Reference Species Method DBa 










0.19 ± 0.05 
Lea & Spero 
1992 
O. universa Laboratory 
culturing 
0.15 ± 0.01 (not forced 
through zero); 0.16 ± 0.01 
(forced through zero) 
Lea & Spero 
1994 
O. universa, also applicable 
to Globigerinoides sacculifer 
Laboratory 
culturing 
0.134 ± 0.008 (not forced 
through zero); 0.147 ± 0.004 
(forced through zero) 
Hönisch et al. 
2011 
O. universa Laboratory 
culturing 
0.17 ± 0.02 
Hönisch et al. 
2011 (also used 
data from Lea & 
Spero 1994)  
Applicable to spinose 
planktic species and 




0.149 ± 0.05 







Figure 5.13. Seawater-foraminifer barium isotope ratio offsets. S0157a is from size fraction 355 – 425 
µm; all other samples are > 425 µm. All samples are Orbulina universa and each is a mixture of the two 
types: ‘clear’ and ‘opaque’. Error bars are ± 2SE (standard error) propagated from the uncertainties of 
the seawater and foraminifera data (Table 5.5). 
 
 




isotope ratio (‰) 
Seawater barium 
isotope ratio (‰) 
Seawater-foraminifer 
offset (‰) 
S0157a 0.23 ± 0.05 0.52 ± 0.03 0.29 ± 0.06 
S0157b 0.48 ± 0.05 0.52 ± 0.03 0.04 ± 0.06 
S0059 0.14 ± 0.04 0.57 ± 0.04 0.42 ± 0.06 
S0177 0.29 ± 0.06 0.52 ± 0.03 0.23 ± 0.07 
S0066 0.10 ± 0.06 0.57 ± 0.04 0.46 ± 0.07 
S0131 0.14 ± 0.05 0.52 ± 0.03 0.39 ± 0.06 
The closest seawater profile to each sediment site is used (Table 5.4). S0157a is from size fraction 
355 – 425 µm; all others are > 425 µm. All samples are mixed ‘clear’ and ‘opaque’ Orbulina 






Figure 5.14. Foraminiferal oxygen isotope ratios. S0157a is from size fraction 355 – 425 µm; all other 
samples are > 425 µm. All samples are Orbulina universa. Samples were separated into ‘clear’ (light 
blue) and ‘opaque’ (dark blue) specimen types. Error bars are ± 2SD (internal precision). 
 
 
Figure 5.15. Foraminiferal carbon isotope ratios. S0157a is from size fraction 355 – 425 µm; all other 
samples are > 425 µm. All samples are Orbulina universa. Samples were separated into ‘clear’ (light 






Figure 5.16. SEM micrographs of Orbulina universa (whole and fragmented) from sediment sample 
S0157. Samples were separated into ‘clear’ and ‘opaque’ specimen types. The ‘clear’ type has a thinner 




Previous studies have shown that intermediate and deep Atlantic barium concentrations are 
controlled by conservative mixing and that non-conservative processes affect barium at depths nearer 
the surface (e.g. Chan et al. 1977; Jeandel et al. 1996; Horner et al. 2015; Cao et al. 2015). Because a 
different set of processes are present in each of these two zones, in Section 5.5.1.1 only the barium data 
from depths > 500 m are discussed and the data from 0 – 500 m are discussed separately in Section 
5.5.1.2 ‘Near-surface processes (0 – 500 m)’. In addition, a discussion of the deepest samples in the 
profiles, which may be affected by their proximity to the seafloor, is provided in Section 5.5.1.3 
‘Seafloor-derived fluxes’. 
 
5.5.1.1 Broad-scale circulation (> 500 m) 
In the Atlantic, the following water masses are present at these approximate depths: at 500 – 
1000 m, Antarctic Intermediate Water (AAIW) which forms from Antarctic Surface Water sinking 
below Subantarctic Surface Water at the Antarctic Polar Frontal Zone (approximately 60 ºS), flowing 
northwards into the Atlantic (Brown et al. 2004); at 1000 – 3000 m, North Atlantic Deep Water 




southwards, with a higher flow rate in the western Atlantic than the east due to the Deep Western 
Boundary Current (DWBC) (Brown et al. 2004); and at depths > 3000 m, Antarctic Bottom Water 
(AABW) which forms on the Antarctic continental shelf and in the deep Antarctic Circumpolar Current 
and spreads northwards (Brown et al. 2004). Typical barium concentrations of AAIW, NADW and 
AABW are approximately 70 – 80, 50 – 60 and 90 – 110 nmol/kg, respectively (Figure 5.17). NADW 
has a lower barium concentration because of stronger biological utilisation of nutrients in its source 
regions, which removes barium from solution via uptake into organic matter and barite precipitation. 
Nutrients are relatively less utilised in the source regions of AAIW and AABW (High Nutrient Low 
Chlorophyll areas) causing them to have higher barium concentrations than NADW. In addition, 
AABW entrains additional barium from nutrient-rich deep waters resulting in higher barium 
concentrations than AAIW. Previous studies have shown that the dominant control of barium 
concentrations below the near-surface is ocean circulation (e.g. Chan et al. 1977) and the barium 
concentration profiles presented here are in full agreement with this hypothesis, showing the presence 
of each of these water masses. At 500 – 1000 m barium concentrations increase relative to shallower 
waters, indicating AAIW (Figure 5.6). This is followed by a slight decrease beneath 1000 m, which is 
attributable to NADW, then a gradual increase towards the seafloor due to AABW (Figure 5.6). 
Seawater barium concentrations are linearly correlated with silica concentration and total alkalinity 
(Figure 5.5; Figure 5.6; Figure 5.7), as observed by previous studies (e.g. Lea 1993; Chan et al. 1977), 
providing further evidence that barium concentrations are largely controlled by conservative mixing 
below ~500 m and that these data are in agreement with those of previous studies. 
It has been hypothesised that seawater barium isotope ratios below ~500 m are also controlled 
by ocean circulation (Horner et al. 2015; Cao et al. 2016). Although there are some exceptions, where 
barium isotope ratios appear to be affected by non-conservative processes even at depths below ~500 
m, the data presented here are in broad agreement with this hypothesis. The barium isotope ratios at 
depths > 500 m display a consistent overall trend of gradually decreasing with depth (Figure 5.6). One 
possible cause of this is the gradual remineralisation of sinking barite; another is that barium isotope 
ratios, like barium concentrations, are controlled by conservative mixing below 500 m and the gradual 
decrease with depth results from the characteristic barium isotope ratios of AAIW, NADW and AABW. 
To determine which of these processes is dominant, barium isotope ratios are plotted against the inverse 
of barium concentrations (Figure 5.8). Where the data fall in a straight line, this shows that they are 
following a mixing line whereby their properties are derived from different amounts of mixing between 
end-member water masses (the end-members are AAIW, NADW and AABW at their source regions). 
Where the data plot away from this straight line, they are influenced by non-conservative processes 
(such as barite dissolution and precipitation). It can be seen that the data below 500 m do indeed follow 
straight lines with R2 values of 0.73 and 0.93 (p < 0.05) (Figure 5.8), indicating that barium isotope 




The two regression lines have different gradients (Figure 5.8), which may be because barite 
dissolves at different rates in the two regions, indicating that in situ barite dissolution does affect barium 
isotope ratios below 500 m but that this is overprinted by the effect of conservative mixing. To 
investigate whether different rates of silica remineralisation also occur in the two regions, barium 
isotope ratios are plotted against silica divided by barium concentrations ([Si]/[Ba]; Figure 5.9). The 
data from the two regions still follow two different regression lines when plotted against [Si]/[Ba]. In 
isolation, this observation indicates that there are different extents of silica and/or barite 
remineralisation during lateral advection within the two regions. In combination with Figure 5.8, it 
shows that both silica and barite have geographically different regeneration rates. Alternatively it may 
be that two different gradients are seen because the true end-member water masses have not been 
sampled at these locations. This hypothesis could be tested by collecting data from sites nearer to the 
source regions of NADW (in the subpolar North Atlantic) and AAIW (in the Antarctic Polar Frontal 
Zone): if all of the data from these sites and the tropical North Atlantic and southeast Atlantic data were 
plotted on one mixing line plot, their combined effect should be to follow one line which represents the 
true mixing line for the entire Atlantic Ocean. In either case, below ~500 m barium isotope ratios largely 
follow straight lines when plotted against barium isotope ratios or [Si]/[Ba] and so appear to be 
dominantly controlled by conservative mixing between water masses. 
Differences in silica and barite cycling between the two regions are also evidenced by their 
contrasting Ba* and Si* profiles (Figure 5.10). Si* is affected by the precipitation and dissolution of 
silica, whereas Ba* is controlled by silica and/or barite cycling (Equation 5.8; Equation 5.9; Figure 
5.11). Therefore, the contrasting Ba* and Si* profiles of the tropical North Atlantic and southeast 
Atlantic together show that both silica and barite undergo differing amounts of precipitation and/or 
dissolution in the two regions. At depths ~0 – 1000 m, Ba* is greater in the southeast than in the tropical 
North Atlantic (Figure 5.10), indicating that there is a larger amount of dissolved barium which is not 
accounted for by the overall relationship between [Ba] and [Si] in the Atlantic (Equation 5.9). This 
indicates that more barite dissolution (or less barite precipitation) and/or less silica dissolution (or more 
silica precipitation) occurs in the southeast than in the tropical North Atlantic at these depths. At depths 
> ~1000 m the reverse occurs (Figure 5.10), signifying less barite dissolution (or more barite 
precipitation) and/or more silica dissolution (or less silica precipitation) in the southeast Atlantic. The 
Si* profiles also reveal differences in silica cycling between the two regions: the larger Si* values of 
the southeast Atlantic show that a greater amount of silica dissolution (or a lesser amount of silica 
precipitation) occurs here than in the tropical North Atlantic (Figure 5.10). Therefore together, the Ba* 
and Si* profiles show that: the differences in the Ba* profiles at depths ~0 – 1000 m are caused by 
greater barite dissolution (or less barite precipitation) in the southeast Atlantic than in the tropical North 
Atlantic; and at depths > ~1000 m the differences in the Ba* profiles of the two regions are caused by 
more silica dissolution (or less silica precipitation) in the southeast Atlantic, possibly accompanied by 




completely utilised in the southeast Atlantic than in the tropical North Atlantic, it is reasonable for there 
to be less barite precipitation in the upper ~1000 m of the southeast Atlantic. Similarly, nutrients are 
more completely utilised in the source regions of tropical intermediate-depth waters than in those of the 
southeast, which would lead to a greater barite dissolution signal (via in situ barite dissolution during 
advection) in the tropics than in the southeast Atlantic at depths > ~1000 m. Additionally, at depths > 
~1000 m a greater amount of silica dissolution in the southeast Atlantic is in agreement with the greater 
abundance of diatoms in this region. The importance of barite cycling in the tropical North Atlantic and 
the relative dominance of silica cycling in the southeast Atlantic can also be seen by plotting Ba* values 
against seawater barium isotope ratios (Figure 5.10). Given that barite dissolution causes Ba* to 
increase (Figure 5.11) and seawater barium isotope ratios to decrease, the presence of barite cycling 
will result in a negative slope on these plots, with greater Ba* at deeper depths. This is seen in the 
tropical North Atlantic data but not in the southeast Atlantic (Figure 5.10), indicating that in the tropical 
North Atlantic Ba* is mostly controlled by barite cycling, whereas in the southeast Atlantic silica 
cycling has a relatively large influence on Ba*, with [Si]-driven changes in Ba* causing a positive slope 
(increasing [Si] with depth causes Ba* to decrease; Equation 5.9). Collectively, this evidence for 
regional differences in barite and silica cycling suggests that the regional differences in gradients 
displayed in Figure 5.8 and Figure 5.9 are caused by differences in barite and silica cycling in the two 
regions, rather than a lack of end-member seawater samples. 
Although barium isotope ratios are dominantly controlled by conservative mixing below 500 
m, some exceptions can be seen where non-conservative processes appear to influence barium isotope 
ratios more heavily than usual. The first of these is that some of the deepest samples display sudden 
shifts to higher barium isotope ratios; this is discussed in Section 5.5.1.3 ‘Seafloor-derived fluxes’. The 
second is that at approximately 1200 – 2000 m in the western tropical North Atlantic profiles (CTD005 
and CTD006) barium isotope ratios divert to heavier values before returning to agreement with the other 
profiles (Figure 5.6). This may be related to the Deep Western Boundary Current (DWBC), which 
carries NADW southwards along the western margin of the Atlantic (Brown et al. 2004) with the fastest 
flow centred around approximately 1400 – 1700 m (Molinari et al. 1992; McCartney 1993). The DWBC 
flows faster than the equivalent current on the eastern side of the Atlantic (e.g. Garzoli et al. 2015), 
meaning that western tropical North Atlantic waters have travelled more quickly from their source 
regions than those in the east. Consequently, western waters carry a stronger imprint from the upper 
500 m because they have ‘aged’ less since sinking from shallow to intermediate depths. The location 
and relatively young ‘age’ of DWBC waters are clearly displayed by elevated CFC-11 concentrations 
compared to those at equivalent depths in the east (Figure 5.18). Because DWBC waters are ‘younger’, 
barite formed as a result of productivity near the surface has had less time to remineralise, so seawater 
barium isotope ratios remain high (similar to those just below 500 m) compared to waters at equivalent 
depths in the east, which have experienced more barite remineralisation during their slower flow, 




intermediate depths, phosphate and nitrate concentrations are lower in the west than in the east because 
they have had less time to replenish after depletion near the surface (Figure 5.19; Figure 5.20). This is 
supported by dissolved oxygen concentrations which are higher in the west than the east at the depth of 
the DWBC (Figure 5.21), indicating that less remineralisation of organic matter has occurred in the 
west. At the depth of the barium isotope anomaly (1200 – 2000 m), barium concentrations are lower in 
the tropical west than in the tropical east (Figure 5.6) which is in agreement with less barite 
remineralisation having occurred in the west. The effect of the DWBC can be seen on the mixing line 
plot (Figure 5.8). By grouping the data points according to water mass, it can be seen that the DWBC 
causes enhanced mixing between AAIW and NADW compared to in the southeast Atlantic. Some of 
these data points plot away from the regression line, indicating that non-conservative processes are 
present. In summary, this shows that the effect of the DWBC can be explained as a combination of 
enhanced mixing between AAIW and NADW and barite dissolution, resulting in the barium isotope 
anomaly at 1200 – 2000 m in the western tropical North Atlantic. 
 
 
Figure 5.17. GEOSECS seawater barium concentrations in the western Atlantic Ocean. 
 





Figure 5.19. Nitrate concentrations in the tropical Atlantic Ocean. Figure by eWOCE Gallery. 
 
 
Figure 5.20. Phosphate concentrations in the tropical Atlantic Ocean. Figure by eWOCE Gallery. 
 
 





5.5.1.2 Near-surface processes (0 – 500 m) 
At ‘near-surface’ depths, defined here as 0 – 500 m, seawater barium isotope profiles in both 
the tropical North Atlantic and southeast Atlantic show an increase followed by a decrease with depth 
(Figure 5.6). This variability is likely linked to the formation and dissolution of abiotically-precipitated 
marine barite (Horner et al. 2015). Depths of maximum barium isotope ratios correspond to depths of 
maximum barite formation because barites preferentially incorporate lighter isotopes of Ba during 
precipitation (von Allmen et al. 2010; Hofmann et al. 2012; Böttcher et al. 2012b) causing seawater 
barium isotope ratios to increase (Horner et al. 2015). The subsequent remineralisation of this barite 
releases light isotopes of barium thus decreasing seawater barium isotope ratios (Horner et al. 2015). 
Although much of the oceans are undersaturated with respect to barite, including the Atlantic from 45 
ºS to 60 ºN (Monnin et al. 1999), abiotic barite precipitation occurs within barite-oversaturated 
microenvironments in decaying organic matter (Goldberg & Arrhenius 1958; Bishop 1988; Bernstein 
et al. 1992; Bernstein et al. 1998; Ganeshram et al. 2003). Previous studies have observed particulate 
barite maxima at depths 100 – 600 m (Bishop 1988; Stroobants et al. 1991; Dehairs et al. 1991; van 
Beek et al. 2007). This is in good agreement with the depths of the barium isotope ratio maxima here, 
which occur at approximately 75 – 200 m. Furthermore, oxygen depletion, indicative of organic matter 
remineralisation and thus barite precipitation, is also observed at these depths (Figure 5.4), as are 
decreases in dissolved barium concentrations (Figure 5.6). Fluorescence peaks and nitrate depletions, 
indicative of productivity, occur at shallower depths than the increases in barium isotope ratios (Figure 
5.4; Figure 5.6), which is also commensurate with the aforementioned hypothesis that the barium 
isotope maxima are due to barite production as a result of productivity higher in the water column. 
Although these features are present to some degree in all of the profiles, these observations are less 
defined in the southeast Atlantic profiles which tend to remain fairly constant over 0 – 200 m for reasons 
discussed below. 
The tropical North Atlantic profiles are isotopically lighter at the surface than the southeast 
Atlantic profiles and show relatively large increases with depth, reaching subsurface maxima at 
approximately 75 and 200 m in CTD005 and CTD006 (Figure 5.6). The CTD002 profile does not show 
this pattern, however this may be due to its lower sampling resolution. In contrast to the tropical North 
Atlantic, the southeast Atlantic profiles have heavier values at the surface and show no such large 
increases with depth, instead oscillating around a relatively constant value within the top 200 m (Figure 
5.6). They show subsurface maxima at approximately 100 and 200 m, but these are only marginally 
greater than the other isotope ratios within the top 200 m, in contrast to those of the CTD005 and 
CTD006 which are significantly greater at these depths than at the surface (Figure 5.6). A possible 
reason for these differences is revealed by comparing the depth of the mixed layer in the two regions. 
In the tropics, the mixed layer is relatively shallow (approximately 20 – 50 m; Figure 5.3) due to greater 
precipitation and higher temperatures, which cause the density structure of the upper water column to 




Figure 5.3) due to more vigorous vertical mixing (Kara et al. 2003). If the mixed layer depth is shallower 
than the depth of maximum barite formation, the highest barium isotope ratios are not encapsulated by 
the mixed layer and so the mixed layer is itself relatively isotopically light and underlain by water which 
is isotopically heavier. It may be that this is the case in the tropical North Atlantic profiles. In contrast 
the southeast Atlantic mixed layer depth is great enough to capture more of the seawater in which barite 
is forming, leading to higher isotope ratios overall and also more homogeneous isotope ratios over the 
top 200 m than in the tropics (Figure 5.6). This vertical mixing also explains why dissolved oxygen, 
nitrate and barium concentrations are relatively constant over the top 100 or 200 m in the southeast 
Atlantic profiles (Figure 5.4; Figure 5.6). 
 In conclusion, these results provide further evidence that seawater barium isotope ratios can be 
used to trace productivity through barite precipitation, as suggested by Horner et al. 2015, and that the 
extent of barium isotope enrichment in the near-surface depends not only on the magnitude of barite 
precipitation but also on the depth of the mixed layer. 
 
5.5.1.3 Seafloor-derived fluxes 
At the deepest sample in all of the seawater profiles except CTD013, increases in barium 
isotope ratios occur despite decreasing throughout the rest of the water column below 2000 m (Figure 
5.6). Comparable features are not seen in other seawater properties (Figure 5.3; Figure 5.4) and AABW 
is already visible from > 3000 m (Figure 5.8), suggesting that these features are non-conservative rather 
than related to water mass properties and that they originate from the seafloor. A seafloor source for 
these features is supported by the distances between the deepest seawater samples and the underlying 
seafloor (Table 5.6): CTD002 shows this feature most prominently and is closest to the seafloor; 
whereas CTD005, CTD006 and CTD025 show features of smaller magnitude and are further away from 
the seafloor. The feature is absent from the CTD013 profile despite it being closer to the seafloor than 
CTD025 (Figure 5.6; Table 5.6), indicating either that the seafloor source is not ubiquitous throughout 
the ocean or that its magnitude is variable. As well as having the strongest increase in the barium isotope 
ratio, CTD002 also displays a prominent increase in barium concentration in its deepest sample (Figure 
5.6), supporting the hypothesis that a source of barium from the seafloor is responsible for these 
features. Two possible sources of this seafloor-derived barium are sedimentary fluxes originating from 
sediment porewaters and hydrothermal vents; each of these possibilities are discussed below. 
Hydrothermal vents provide 2.4 x 108 – 13 x 108 mol of dissolved barium to the oceans per year 
(Elderfield & Schultz 1996) which is not insignificant given that the greatest source of barium to the 
oceans, the riverine flux, is only two orders of magnitude greater at 1010 mol/year (Elderfield & Schultz 
1996). Vent plumes, containing dissolved trace metals and particulate matter, have been detected at 
heights of up to 220 – 500 m above the seafloor near the Mid-Atlantic Ridge at similar latitudes to the 




et al. 1986). Modelling studies agree well with these measured values (e.g. Speer & Rona 1989; 
Rudnicki & Elderfield 1992). Barium concentrations of 8 x 103 – 42.6 x 103 nmol/kg have been 
measured in hydrothermal plumes (Elderfield & Schultz 1996), which are tens to hundreds of times 
greater than seawater dissolved barium concentrations (Figure 5.17). There are currently no 
measurements of barium isotope ratios in hydrothermal vent fluids, however strontium isotope ratios 
are isotopically lighter in hydrothermal fluids than in seawater (Elderfield & Schultz 1996) so the same 
might be expected of barium isotope ratios. This is in disagreement with the observed features which 
are isotopically heavier than in overlying waters. Whilst it is possible that the above assumption is not 
true for barium, considering the behaviour of strontium isotopes, the lack of known hydrothermal vents 
in the southeast Atlantic (Martin et al. 2008) it seems more likely that the near-seafloor features seen in 
the seawater profiles are not caused by hydrothermal activity. 
An alternative possibility is that the features described above are caused by sedimentary fluxes. 
In sediment porewaters, barium concentrations are higher than in overlying bottom waters (Figure 5.22; 
Paytan & Kastner 1996; McManus et al. 1998) resulting in benthic fluxes of dissolved barium from 
sediments (Paytan et al. 1996; McManus et al. 1999; McManus et al. 1994; Rubin et al. 2003; McManus 
et al. 1998). Sedimentary fluxes of dissolved barium have been measured in several locations 
comprising both open-ocean and continental margin settings at depths ranging from approximately 100 
to 5000 m (Figure 5.23; Paytan et al. 1996; McManus et al. 1999; McManus et al. 1994; Rubin et al. 
2003; McManus et al. 1998). These fluxes are remarkably similar in open-ocean settings versus 
continental margin settings (Figure 5.23), with the exception of two high values from one localised 
region on the Southern Californian Margin (McManus et al. 1999). It seems reasonable to conclude that 
sedimentary fluxes of dissolved barium may be present beneath the seawater profiles of this study, 
despite their being located in the open ocean. The second question is then whether it is reasonable for 
these fluxes to affect seawater barium concentrations several metres above the seafloor (Table 5.6). 
Singh et al. 2013 attribute similar features in their seawater profiles (elevated barium concentrations in 
bottom waters) to sedimentary fluxes, in samples which are 80 – 330 m away from the seafloor. This 
suggests that the bottom water samples of the tropical North Atlantic profiles, which are 12 – 18 m 
away from the seafloor, could be affected by sedimentary fluxes. 
In addition to increased barium concentrations, these bottom water samples also have elevated 
barium isotope ratios (Figure 5.6). To consider the possible causes of these heavy isotope ratios, it is 
necessary to first determine the processes which cause barium concentrations to be elevated in sediment 
porewaters relative to overlying bottom waters. With increasing depth from the sediment-water 
interface, porewater barium concentrations first increase to a maximum concentration at approximately 
5 cm (McManus et al. 1998; Figure 5.22) or 0 – 0.5 cm (Paytan et al. 1996) below the sediment-water 
interface, after which they remain approximately constant with depth (McManus et al. 1998; Paytan & 
Kastner 1996; Figure 5.22). There is some debate as to whether the sharp increases in barium 




increase more gradually to ~5 cm, are in fact artefacts. Paytan & Kastner 1996 suggest that these are 
real features, because they are observed repeatedly in samples from different locations. Conversely, 
McManus et al. 1998 propose that these spikes in barium concentration are artefacts because fluxes 
calculated from those profiles disagree with fluxes measured via benthic landers, whereas profiles 
showing a more gradual increase to ~5 cm agree well with measured fluxes. If they are artefacts their 
cause is not known (McManus et al. 1998), although McManus et al. 1998 suggest that it may be related 
to the length of time between sample collection and measurement. Nevertheless, the high barium 
concentrations of porewaters compared to overlying bottom waters show that barium is produced in situ 
within sediments and that sediment porewaters are oversaturated with respect to barite (Paytan et al. 
1996; McManus et al. 1998). Furthermore, the persistence of these features in porewater barium profiles 
shows that the rate of barium input to porewaters must exceed the rate of bioturbation (Paytan et al. 
1996). The source of this barium must therefore be capable of releasing barium rapidly and is not the 
dissolution of pure barite (Paytan et al. 1996; McManus et al. 1998). Several possibilities exist: 
remineralisation of organic matter (Paytan et al. 1996; McManus et al. 1998); release of adsorbed 
barium (Paytan et al. 1996); and the dissolution of a different barium-containing mineral with greater 
solubility than pure barite, such as a celestite-barite solid solution (Paytan et al. 1996), impure barite 
containing Ca and K (Falkner et al. 1993), or an amorphous form of pure barite (McManus et al. 1998). 
Given that extensive barite dissolution is unlikely to occur in sediments because barite 
oversaturation is consistently observed, it is plausible that a net increase in barite precipitation within 
sediments compared to in bottom waters could be the cause of the heavy barium isotope ratios in 
sedimentary fluxes. Two other barium-bearing minerals, witherite and the double carbonate 
BaMn(CO3)2, also preferentially incorporate light isotopes of barium (von Allmen et al. 2010; Böttcher 
et al. 2012a; Böttcher et al. 2012b; Pretet 2013; Table 5.1), so their precipitation could also contribute 
towards elevating porewater barium isotope ratios. In addition, laboratory experiments have shown that 
adsorption causes isotopic fractionation of barium (van Zuilen et al. 2016; Pretet et al. 2015), sometimes 
favouring adsorption of heavier barium isotopes (van Zuilen et al. 2016). The release of barium 
adsorbed in the water column could raise barium isotope ratios in porewaters. A further consideration 
is that diffusion through a porous medium has been shown to fractionate in favour of lighter isotopes 
of barium (van Zuilen et al. 2016). This could occur during the diffusion of sediment porewaters towards 
the sediment-water interface (van Zuilen et al. 2016). Because it fractionates in favour of lighter 
isotopes, this process alone could not explain heavy barium isotope ratios in sedimentary fluxes. 
Instead, it may mean that in situ barium isotope ratios within sediment porewaters are heavier than 
indicated by sedimentary fluxes. Given that there are a multitude of processes that may affect barium 
isotope ratios in different ways within sediment porewaters, measurements of barium isotope ratios 





In conclusion, a likely explanation for the elevated barium isotope ratios seen in the deepest 
seawater samples (with the exception of CTD013; Figure 5.6) is that sedimentary fluxes originating 
from sediment porewaters have relatively heavy barium isotope ratios compared to NADW and AABW, 
resulting in heavier barium isotope ratios nearer to the seafloor. Barium isotope ratio measurements of 
seawater samples collected directly from the sediment-water interface using benthic landers would be 
beneficial in confirming that this is the source of the elevated barium isotope ratios in the deepest 
seawater samples. The cause of elevated barium isotope ratios in sedimentary fluxes is not known, but 
could be investigated by measuring barium isotope ratios in multiple components of marine sediments, 
including porewaters, organic material and barium-bearing minerals. 
 
 
Table 5.6. Distances between the deepest seawater samples and the underlying seafloor. 
Site Deepest sample depth (m) Seafloor depth (m) Difference (m) 
CTD002 4512 4524 12 
CTD005 5143 5161 18 
CTD006 4168 4183 15 
CTD013 4724 4894 170 




Figure 5.22. Porewater [Ba] in sediment core JC089-07-6M-F, normalised relative to 50 nM, an 
approximated bottom water [Ba] for its deep Atlantic location (Dr M. Greaves, pers. com. 2015). This 
approximation means that absolute values may not be accurate, but the relative change in porewater 






















Figure 5.23. Benthic fluxes of dissolved barium from sediments in open-ocean (filled symbols) and 
margin (open symbols) environments plotted against the depth of the seafloor. Data are from Rubin et 
al. 2003 (black filled symbols and black open symbols), McManus et al. 1999 (dark blue filled symbols 
and light blue open symbols), Paytan & Kastner 1996 (red filled symbols), McManus et al. 1998 (light 
blue filled symbols and red open symbols) and McManus et al. 1994 (dark blue open symbols). 
 
5.5.2 Foraminifera 
 At near-surface depths (~0 – 500 m), seawater barium isotope ratios are affected by productivity 
via barite-cycling (e.g. Jeandel et al. 1996; Horner et al. 2015; this study). If foraminifera were to record 
seawater barium isotope ratios, they could be used to study palaeoproductivity in the upper ~500 m. 
This would be beneficial for understanding the role of marine productivity in glacial-interglacial CO2 
changes, as well as predicting how phytoplankton communities might respond to future warming. To 
investigate this, barium isotope ratios were measured in the planktic foraminifer Orbulina universa and 
these measurements paired with seawater barium isotope ratios from nearby profiles. The nearest 
seawater profile to the site of sediment collection was used in each case (Table 5.4). Orbulina universa 
live in the mixed layer and upper thermocline (Farmer et al. 2007). Therefore, the shallowest sample 
from each seawater profile was used to estimate the barium isotope ratio of the ambient seawater. 
In all cases, the foraminiferal barium isotope ratios are lighter than those of the ambient 




occur via a biologically-mediated process such as seawater vacuolisation (e.g. Erez 2003; Bentov & 
Erez 2006; Bentov et al. 2009) or trans-membrane transport (e.g. Nehrke et al. 2013). The isotopic 
fractionation between seawater and foraminifera may therefore be due to biomineralisation. It may also 
be temperature-dependent, as is the case for foraminiferal calcium isotope ratios (e.g. Griffith et al. 
2008). The value of the seawater-foraminifer barium isotope ratio offset varies between samples, from 
approximately 0.04 to 0.46 ‰ (Table 5.5; Figure 5.13). Although these values are similar to the barium 
isotopic offsets between other carbonates and their ambient solutions (von Allmen et al. 2010; Böttcher 
et al. 2012a; Böttcher et al. 2012b; Pretet 2013; Pretet et al. 2015; Table 5.1), this is a large range 
compared to the variability of barium isotope ratios in seawater (Figure 5.6) and hence would introduce 
a large amount of uncertainty into seawater barium isotope ratio reconstructions. It is therefore 
important to determine the cause of this variability in foraminiferal barium isotope ratios. This in turn 
will aid in determining whether there are any factors which influence foraminiferal barium isotope ratios 
other than the barium isotope ratio of ambient seawater, such as vital effects and temperature-
dependency. 
The variability in the foraminiferal barium isotope ratios may be due to the presence of variable 
proportions of different foraminifer morphotypes in the samples. The foraminifer samples used to 
measure barium isotope ratios contained a mixture of two ‘types’ of foraminifer: one which appeared 
opaque when wetted and one which had a translucent or transparent appearance when wet (a ‘clear’ 
type). SEM imaging shows that the opaque and clear types have shell thicknesses of approximately 30 
– 40 µm and 10 µm, respectively (Figure 5.16). These shell thicknesses and the appearance of the 
specimens suggest that they are two different morphotypes of O. universa (Marshall et al. 2015; Figure 
5.16). If each morphotype records a different barium isotope ratio, which may be due to environmental 
differences in their habitats or vital effects, different mixtures of these two morphotypes would result 
in variable barium isotope ratios in samples. 
 Variability between morphotypes of O. universa has been observed in oxygen isotope ratios, 
suggesting that the same might be true of barium isotope ratios. Marshall et al. 2015 found that a thicker-
walled O. universa morphotype had heavier oxygen isotope ratios than a thinner-walled O. universa 
morphotype, with an average offset of –0.34 ‰ between them (Marshall et al. 2015). This is attributed 
largely to temperature differences between the calcification depths of the two morphotypes (Marshall 
et al. 2015), an effect which is enhanced by greater near-surface stratification leading to larger contrasts 
in environmental conditions with depth (Marshall et al. 2015). Similar offsets are found by this study: 
with the exception of S0066, the thicker-walled ‘opaque’ samples have heavier oxygen isotope ratios 
than their thinner-walled ‘clear’ counterparts (Figure 5.14) and the offset between the two morphotypes 
is –0.21 ± 0.05 ‰ on average (Figure 5.14). Sample S0066 may also fit this pattern within ± 2σ error 
(Figure 5.14). These results suggest that the two morphotypes observed here also calcify at different 
depths and under different temperatures. Although sufficiently high-resolution seawater oxygen isotope 




morphotypes, given a constant seawater oxygen isotope ratio these results indicate that the thicker-
shelled ‘opaque’ morphotype calcifies at a lower temperature and hence greater depth than the ‘clear’ 
morphotype (Bemis et al. 1998). Ba/Ca ratios in O. universa are unaffected by ambient temperatures 
(Lea & Spero 1994; Hönisch et al. 2011), but the effect of temperature on barium isotope ratios in 
foraminifera is unknown. Seawater barium isotope ratio profiles from the tropical North Atlantic and 
southeast Atlantic suggest that enhanced vertical mixing in the southeast results in relatively constant 
seawater barium isotope ratios with depth, whereas in the tropical North Atlantic weaker vertical mixing 
results in shallower mixed layer depths (Kara et al. 2003; Figure 5.3; Figure 5.6). Enhanced stratification 
in regions such as the tropical North Atlantic may therefore cause greater offsets between the 
foraminiferal barium isotope ratios of different morphotypes, either by creating greater contrasts in 
temperature or in seawater barium isotope ratios. This stratification effect has been observed for oxygen 
isotope ratios in O. universa morphotypes (Marshall et al. 2015). Thus the importance of separating 
foraminifera by morphotype before measuring barium isotope ratios may vary regionally or seasonally 
depending on the strength of stratification. 
Differences in carbon isotope ratios are also observed between O. universa morphotypes 
(Marshall et al. 2015; Figure 5.15). Carbon isotope ratios in thicker-shelled ‘opaque’ foraminifera are 
heavier than in the ‘clear’ morphotype, with an average offset of –0.83 ± 0.03 ‰ (Figure 5.15). This 
contrasts with the results of Marshall et al. 2015, who find that carbon isotope ratios are lighter in a 
thicker-shelled O. universa morphotype by 0.38 ‰ on average (Marshall et al. 2015). This is attributed 
to differing light intensities at the calcification depths of the two morphotypes (Marshall et al. 2015): 
the thicker-shelled morphotype calcifies at greater depths where irradiance is lower; here, the 
photosynthetic activity of the dinoflagellate symbionts of O. universa is weaker; this creates relatively 
12C-enriched microenvironments within which the foraminifera calcify, compared to at shallower 
depths; and this leads to lighter carbon isotope ratios in foraminiferal calcium carbonate (Spero & De 
Niro 1987). This mechanism cannot explain why heavier carbon isotope ratios are observed in the 
thicker-shelled, deeper-dwelling foraminifera of this study (Figure 5.15). Foraminiferal carbon isotope 
ratios are also affected by the carbon isotope ratio of dissolved inorganic carbon in seawater and 
seawater carbonate ion concentrations (e.g. Spero et al. 1997), however these influences are typically 
minor in comparison to the impact of symbiont photosynthetic activity and vital effects (e.g. Ravelo & 
Hillaire-Marcel 2007; Marshall et al. 2015). Although morphotype-specific vital effects have not been 
found to influence O. universa oxygen isotope ratios (Marshall et al. 2015), their influence on carbon 
isotope ratios has not yet been tested (Marshall et al. 2015). If the observed carbon isotope ratio offsets 
between morphotypes of O. universa (Figure 5.15) are partially due to vital effects, it may be that vital 
effects are also capable of influencing barium isotope ratios, although the mechanisms affecting carbon 
and barium are likely to be very different due to the lack of a known biological role for barium. However 
despite this lack of a known biological function for barium, δ138Ba vital effects have been observed in 




To investigate whether barium isotope ratios might be affected by temperature (the dominant 
control of oxygen isotope ratios) or irradiance, which is linked to symbiont photosynthetic activity, or 
vital effects (the dominant controls of carbon isotope ratios), barium isotope ratios are plotted against 
oxygen and carbon isotope ratios of foraminifera from the same sediment samples (Figure 5.24) and 
least-squares regression lines plotted (Figure 5.24; Table 5.7). Because sample S0157b may have an 
anomalously heavy barium isotope ratio which might create false correlations, regressions are 
additionally calculated excluding sample S0157b (Figure 5.24; Table 5.7). Only one significant 
correlation is found, between barium isotope ratios and carbon isotope ratios in the ‘clear’ morphotype. 
This relationship is only just significant at a 95 % confidence level (p = 0.05) and is no longer significant 
if sample S0157b is omitted. This weakness or absence of correlations may indicate that barium isotope 
ratios are not heavily influenced by temperature, irradiance or vital effects. In this case, the dominant 
control of foraminiferal barium isotope ratios may be the barium isotope ratio of ambient seawater. 
Differing seawater barium isotope ratios at the calcification depths of different morphotypes would then 
cause offsets in foraminiferal barium isotope ratios. Alternatively, it may be that the true relationships 
between oxygen, carbon and barium isotope ratios cannot be distinguished here because mixtures of 
more than one morphotype were used in the barium isotope ratio samples whereas carbon and oxygen 
data were measured in single-morphotype samples. 
Conversely, Ba/Ca ratios suggest that inter-morphotype barium isotope ratio offsets are not 
dominantly controlled by seawater barium isotope ratios. In contrast to foraminiferal barium isotope 
ratios, Ba/Ca ratios do not appear to be significantly affected by the heterogeneous mixing of 
morphotypes among samples. This is because when combined with seawater barium concentration data, 
the Ba/Ca ratios provide barium partition coefficients which agree with those of previous studies (Table 
5.4) despite geographical variations in morphotype abundances (Morard et al. 2009). Furthermore, 
during an interlaboratory comparison a foraminifer sample containing 800 individuals was measured at 
Woods Hole Oceanographic Institution whereas one containing 11 individuals was measured at the 
University of Bristol. Given their different sample sizes, it is unlikely that morphotypes were present in 
the same proportions in each of the two samples, yet their Ba/Ca ratios agree well with each other (see 
Section 2.4.6 ‘Interlaboratory comparison’). This suggests that differing mixtures of morphotypes 
among samples does not significantly affect Ba/Ca ratios. When Ba/Ca ratios are plotted against barium 
isotope ratios measured in the same samples, only a weak positive relationship is found (R2 = 0.34, p = 
0.23; Figure 5.12). This relationship is heavily dependent on one data point (S0157b), which when 
removed gives R2 = 0.04 (p = 0.74). Additionally, Ba/Ca ratios (indicating a more plentiful supply of 
dissolved barium to the foraminifera) should have a negative correlation with the barium isotope ratios 
of the foraminifera (which appear to discriminate in favour of the lighter isotopes of barium, given that 
their isotope ratios are consistently lighter than those of seawater (Table 5.5)). This casts further doubt 
on the validity of the apparently positive correlation (Figure 5.12). Foraminiferal Ba/Ca ratios depend 




& Spero 1994; Hönisch et al. 2011) and seawater barium concentrations and barium isotope ratios are 
highly correlated (e.g. Horner et al. 2015). This weak relationship between foraminiferal Ba/Ca and 
barium isotope ratios therefore suggests that foraminiferal barium isotope ratios are not controlled 
solely by the barium isotope ratio of the ambient seawater, because if this were the case foraminiferal 
barium isotope ratios should be highly correlated with foraminiferal Ba/Ca ratios. 
In addition to morphotype effects, barium isotope ratios may also vary with foraminifer size. 
Oxygen and carbon isotope ratios vary with size due to changes in vital effects, photosynthetic activity 
and habitation depth during foraminifer growth (e.g. Ravelo & Hillaire-Marcel 2007). The oxygen 
isotope ratio data suggest that the effect of size fraction can be greater than that of morphotype (Figure 
5.14). The barium isotope ratio of sample S0157b (> 425 µm) is 0.25 ± 0.07 ‰ greater than that of 
sample S0157a (355 – 425 µm) (Table 5.5). This may indicate that barium isotope ratios are heavily 
influenced by size fraction. However, it may be an artefact produced by the anomalously high barium 
isotope ratio of sample S0157b compared to the other samples (Figure 5.12; Table 5.5) or the presence 
of different proportions of morphotypes in these two samples. Sample S0131 (the closest sample site to 
S0157) only has a difference of 0.09 ± 0.07 ‰ from sample S0157a, suggesting that the effect of size 
fraction on barium isotope ratios may be minor. This could be investigated further by measuring 
additional samples of varying size fraction which are also separated by morphotype, in order to 
determine the separate impacts of foraminifer morphotype and size. 
In summary, the variability of foraminiferal barium isotope ratios amongst samples of the same 
size fraction suggests that they may be morphotype-specific in O. universa, although the causes of this 
remain unclear. The presence of oxygen and carbon isotope ratio offsets between morphotypes suggests 
that they might also exist in barium isotope ratios. The observed variability of the seawater-foraminifer 
barium isotope ratio offsets would then arise from variable proportions of two different morphotypes 
being present within samples. However, barium isotope ratios correlate poorly with oxygen and carbon 
isotope ratios, suggesting that if inter-morphotype barium isotope ratio offsets exist, they are largely 
controlled by a different mechanism than oxygen or carbon isotope ratio offsets. A possible candidate 
for this control is the barium isotope ratio of ambient seawater. Different morphotypes calcifying at 
different depths may inhabit waters with differing barium isotope ratios, leading to differences in 
barium isotope ratios between morphotypes. This effect would be exacerbated in regions experiencing 
strong stratification in the near-surface. However, Ba/Ca ratios only display a weak relationship with 
barium isotope ratios measured in the same foraminifer samples. If foraminiferal barium isotope ratios 
were dominantly controlled by seawater barium isotope ratios, a strong correlation between 
foraminiferal Ba/Ca and barium isotope ratios would be expected. Before using foraminiferal barium 
isotope ratios as a proxy for seawater barium isotope ratios, barite cycling and productivity, the 
mechanisms affecting foraminiferal barium isotope ratios should be investigated further. To determine 
which processes dominantly affect foraminiferal barium isotope ratios, barium isotope ratios could be 




with seawater measurements taken at their calcification depths. Alternatively, laboratory culturing 
experiments could be used to test the impact of varying environmental conditions on foraminiferal 
barium isotope ratios. During these studies, care should be taken to constrain foraminifer samples to 
one morphotype only, so that morphotype-specific vital effects can also be investigated in addition to 
environmental controls. This could be achieved using the O. universa morphotype-identification 
method of Marshall et al. 2015 which is non-destructive to foraminiferal calcium carbonate. The 
influence of foraminifer size on barium isotope ratios should also be investigated further. Once the 
causes of variability in foraminiferal barium isotope ratios are determined, they could be used to 







Table 5.7. Details of least-squares linear regressions plotted in Figure 5.24. 
X axis Data in regression Equation R2 p 
δ13C (‘opaque’) All y = –0.10x + 0.48 0.16 0.44 
Excluding S0157b y = 0.01x + 0.16 < 0.01 0.94 
δ13C (‘clear’) All y = –0.50x + 1.03 0.67 0.05 
Excluding S0157b y = –0.17x + 0.46 0.08 0.64 
δ18O (‘opaque’) All y = 0.14x + 0.35 0.30 0.26 
Excluding S0157b y = 0.05x + 0.23 0.16 0.51 
δ18O (‘clear’) All y = –0.02x + 0.21 < 0.01 0.91 
Excluding S0157b y = 0.02x + 0.20 0.03 0.77 







Figure 5.24. Foraminiferal barium isotope ratios (of mixed morphotype) plotted against carbon isotope 
ratios of ‘opaque’ morphotype (A), carbon isotope ratios of ‘clear’ morphotype (B), oxygen isotope 
ratios of ‘opaque’ morphotype (C) and oxygen isotope ratios of ‘clear’ morphotype (D). Least-squares 
linear regression lines are plotted using all data points (solid lines) and omitting sample S0157b (dashed 
lines). Details of linear regressions are provided in Table 5.7. Error bars are ± 2SE (standard error) for 







In conclusion, seawater barium concentrations and seawater barium isotope ratios appear to be 
controlled by a combination of conservative processes (water mass mixing during ocean circulation) 
and non-conservative processes (such as barite precipitation and dissolution). In Figure 5.8, data from 
depths below 500 m fall along a straight line, grouped according to water mass (AAIW is 500 – 1000 
m, NADW is 1000 – 3000 m and AABW is > 3000 m), indicating that at depths below 500 m, barium 
concentrations and barium isotope ratios are mostly controlled by conservative mixing (Figure 5.8). 
The data from the tropical North Atlantic and southeast Atlantic plot along two different gradients 
(Figure 5.8; Figure 5.9), which may indicate that different rates of in situ barite and silica dissolution 
during lateral advection also exert a control (although conservative mixing is dominant), or may be 
because the true end-member water masses have not been sampled. Ba* and Si* provide evidence for 
regional differences in barite and silica cycling, suggesting that the former option is likely true (Figure 
5.10). In the tropical North Atlantic, the effect of the DWBC can be seen via enhanced mixing between 
AAIW and NADW data points and also the spread of western data points farther away from the straight 
line due to ongoing barite dissolution in DWBC-carried waters (Figure 5.8). Data from 0 – 500 m plot 
further to the side of this straight line in both the tropical North Atlantic and southeast Atlantic (Figure 
5.8), indicating that at these depths non-conservative processes exert a stronger influence on barium 
concentrations and isotope ratios than in deeper waters, due to the link between productivity and barite 
cycling. Non-conservative processes (such as fluxes from sediment porewaters) might also influence 
waters near to the seafloor, as shown by the deepest sample of CTD002 plotting far away from the 
regression line (Figure 5.8). In conclusion, these findings suggest that below 500 m barium 
concentrations and isotope ratios are mainly controlled by conservative mixing, whereas above 500 m 
they are more strongly influenced by barite and/or silica cycling (associated with productivity) than at 
greater depths, in agreement with previous authors (e.g. Chan et al. 1977; Jeandel et al. 1996; Horner 
et al. 2015; Cao et al. 2015). In addition, sedimentary fluxes appear to influence barium concentrations 
and barium isotope ratios near to the seafloor (Figure 5.6; Figure 5.8). This has been suggested 
previously for barium concentrations (Singh et al. 2013) but is the first time that this has been observed 
in barium isotope ratios. The effect of the DWBC on barium concentrations and isotope ratios has also 
been shown for the first time (Figure 5.6; Figure 5.8). To build upon these results, further seawater 
profiles of barium concentrations and isotope ratios could be collected from closer to the source regions 
of AAIW and NADW, to create a whole-Atlantic view of barium isotope ratios and to further test the 
hypothesis that barium isotope ratios are largely controlled by conservative mixing at depths below 500 
m. The effect of sedimentary fluxes on barium isotope ratios could be further investigated by using 
benthic landers to measure barium isotope ratio fluxes close to the sediment-water interface and by 
measuring the barium isotope ratio of the various barium-bearing phases present in ocean sediments, 




There are also further questions to be answered regarding foraminiferal barium uptake. The 
barium partition coefficients (DBa) for the planktic foraminifer Orbulina universa found by this study 
are fairly consistent and agree well with those of previous studies (Figure 5.25). Similarly, the barium 
isotope ratios of O. universa are similar to those of other biologically-precipitated carbonates (Figure 
5.26), which are isotopically heavier than abiotically-precipitated carbonate and sulphate minerals 
(Figure 5.26). Compared to the seawater in which it grew, Orbulina universa appears to preferentially 
incorporate light isotopes of barium, evidenced by the lighter barium isotope ratios of these foraminifera 
compared to those of the ambient seawater (Table 5.5; Figure 5.13). However, there is a large amount 
of variability observed in the magnitude of this fractionation (expressed as the offset between the 
seawater barium isotope ratio and the foraminiferal barium isotope ratio) amongst samples of equal size 
fraction. This could be attributed to heterogeneous mixtures of two different morphotypes of O. 
universa. Morphotype-specific vital effects or differences in ambient seawater barium isotope ratios at 
their calcification depths may cause variations in barium isotope ratios between morphotypes. If 
foraminiferal barium isotope ratios were dependent only on those of the ambient seawater, a strong 
correlation between foraminiferal Ba/Ca and barium isotope ratios would be expected. This has not 
been observed (Figure 5.12), suggesting that foraminiferal barium isotope ratios are influenced by one 
or more factors other than ambient seawater barium isotope ratios. Foraminifer size may also influence 
barium isotope ratios, as is the case for oxygen isotope ratios in O. universa. Further foraminiferal 
barium isotope measurements on different size fractions and morphotypes of O. universa and under 
varied environmental conditions could elucidate the factors which control foraminiferal barium isotope 
ratios in this species. This would contribute towards the development of foraminiferal barium isotope 









Figure 5.25. Barium partition coefficients (DBa) for the planktic foraminifer Orbulina universa 
measured by previous studies (as shown in Table 5.4, where references for these data are provided) and 
this study (also provided in Table 5.4). 
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Figure 5.26. Barium isotope ratios (δ138Ba) of carbonates and sulphates measured by previous studies 
(including coral carbonates as well as abiotically-precipitated minerals, as shown in Table 5.1, where 
references for these data are provided) and by this study (the planktic foraminifer Orbulina universa, 
as shown in Table 5.5). All values have been converted into δ138/134Ba notation as shown in Equation 
5.1. The error bars on the previously-published data are shown as provided in those studies and the error 
bars on the data from this study are ± 2SE. EXP indicates that the mineral or coral was experimentally 
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6.1 Research context 
The first steps towards developing foraminiferal Ba/Ca as an oceanographic proxy were made 
by Lea & Boyle 1989, who noted that Ba/Ca ratios in the benthic foraminifer species C. wuellerstorfi, 
C. kullenbergi and Uvigerina spp. were linearly related to the concentrations of dissolved barium in 
ambient seawater. Since then, additional benthic and planktic species have also been confirmed to 
record seawater [Ba] (Lea & Boyle 1991; Lea & Spero 1992; Lea & Spero 1994; Hall & Chan 2004a; 
Hönisch et al. 2011; Lea 1993; McCorkle et al. 1995; Havach et al. 2001) and several applications have 
been developed based upon these findings. The first use of Ba/Ca was to reconstruct the barium 
concentration of deep ocean water masses (Lea & Boyle 1989) and as a proxy for glacial-interglacial 
changes in ocean circulation and seawater alkalinity ( Lea & Boyle 1990a; Lea & Boyle 1990b; Lea 
1990). Planktic Ba/Ca was then deployed to study surface water barium concentrations (Lea & Boyle 
1991), followed by further benthic studies (Lea 1993; Lea 1995). Although the use of Ba/Ca attracted 
a flurry of investigations in the late ‘80s and early ‘90s (Lea & Boyle 1989; Lea 1990; Lea & Boyle 
1990a; Lea & Boyle 1990b; Lea & Boyle 1991; Lea & Spero 1992; Lea & Spero 1994; Lea 1993; Lea 
1995; McCorkle et al. 1995) this field has been left relatively undeveloped in subsequent decades. 
Because they have been less-utilised relative to some of the more widely-used proxies, and because 
they have several potential palaeoceanographic uses, there is much scope for further developing Ba/Ca 
proxies and deploying them to study the oceans in new ways. A recent study has revived the benthic 
Ba/Ca proxy (Hall & Chan 2004a), others have developed new applications for Ba/Ca (e.g. Hall & Chan 
2004b; Weldeab et al. 2007a; Weldeab et al. 2007b; Sprovieri et al. 2008) and more recently barium 
isotope ratio measurements have opened up new avenues into studying oceanic barium (e.g. Horner et 
al. 2015), but there are still many questions to be answered in relation to barium-based oceanographic 
proxies. 
Prior to measuring Ba/Ca or δ138Ba in foraminifera, it is necessary to remove barite (BaSO4) 
from samples. The presence of barite in a sample would elevate its Ba/Ca ratio such that it overestimated 
the ambient barium concentration in which the foraminifer grew. Furthermore, barite precipitates 
inorganically except for under rare circumstances (Bertram & Cowen 1997) so is unlikely to have an 
identical isotope signature to foraminiferal calcium carbonate, which precipitates via biomineralisation 
(e.g. Elderfield et al. 1996; Erez 2003; de Nooijer et al. 2009). The presence of barite contamination 
would therefore affect the measured δ138Ba of a foraminifer sample, complicating its interpretation. A 
barite-removal step which uses DTPA has been incorporated into the foraminiferal cleaning procedure 
that is routinely used prior to the measurement of trace metal ratios (Lea & Boyle 1993). However, the 
effect of this cleaning step on foraminifer shells is unclear because Ba/Ca ratios occasionally increase 
after DTPA is used (Lea & Boyle 1993; Martin & Lea 2002), which cannot be attributed to barite 
removal. It has been hypothesised that this effect is caused by the preferential dissolution of low-barium 
regions of the shell (Lea & Boyle 1991; Lea & Boyle 1993), but sequential dissolution experiments 




& Boyle 1991; Lea & Boyle 1993). If the effects of the cleaning procedure on foraminifera can be 
determined with greater certainty, this would help to ensure that Ba/Ca and δ138Ba data are not 
compromised by either barite contamination or preferential dissolution. 
The process by which dissolved, positively-charged ions in ambient water are incorporated into 
foraminiferal calcium carbonate has not yet been confirmed (e.g. Erez 2003). Foraminiferal barium 
partition coefficients differ from those of inorganically-precipitated calcium carbonate (Kitano et al. 
1971), which suggests that the foraminiferal barium-uptake process occurs during biomineralisation 
(e.g. Lea 1990; Lea & Boyle 1991; Lea & Spero 1992). Foraminiferal barium isotope ratios might 
provide new insights into the mechanism by which barium is incorporated by foraminifera, because 
biologically-mediated processes often preferentially utilise lighter isotopes (e.g. Chang et al. 2004). The 
effect of temperature on barium uptake also merits further study. Thus far, previous authors have found 
Ba/Ca ratios to be independent of precipitation temperature (Lea & Spero 1994; Hönisch et al. 2011). 
This is in contrast to the strong temperature effect on other trace metal ratios such as Mg/Ca (e.g. Lear 
et al. 2002), so is perhaps unexpected. Further insights might be gained by extending the range of 
temperatures tested and by investigating the effect of temperature in additional species. Given that a 
full understanding of the biomineralisation process, including its effect on barium incorporation, is yet 
to be attained (e.g. Elderfield et al. 1996; Erez 2003; de Nooijer et al. 2009), a practical method for 
calculating foraminiferal barium uptake is to use a partition coefficient (DBa) (Boyle 1981). These have 
been measured in several planktic and benthic species (Lea & Boyle 1991; Lea & Spero 1992; Lea & 
Spero 1994; Hall & Chan 2004b; Hönisch et al. 2011; Lea & Boyle 1989; Lea 1993; McCorkle et al. 
1995; Havach et al. 2001). The measurement of DBa values in additional species would be beneficial in 
increasing sample availability and might also provide new insights into how the barium-uptake process 
varies between species. In addition, a communal DBa value for certain benthic species could potentially 
be developed, as it has for planktic foraminifera (e.g. Hönisch et al. 2011). 
In seawater, dissolved barium profiles display a minimum near to the surface. The uptake of 
barium at near-surface depths is primarily controlled by productivity-associated barite precipitation 
(e.g. Lea 1993; Horner et al. 2015). By comparison, uptake into calcium carbonate only sequesters a 
minor amount of barium (e.g. Lea 1993; Horner et al. 2015). The global average relationship between 
barium and alkalinity in seawater might therefore be inapplicable to non-pelagic settings, where 
productivity (and hence barite precipitation) is likely to surpass that of the open ocean (Rubin et al. 
2003). Another environmental control which might perturb the Ba/Ca signal is post-depositional 
dissolution. Within sediments, foraminifera can experience repeated episodes of dissolution and re-
crystallisation, due either to their depth in relation to the lysocline or to diagenetic processes which can 
alter porewater chemistry (e.g. McCorkle et al. 1995). McCorkle et al. 1995 find that foraminiferal 
Ba/Ca ratios decrease along a slope of increasing depth. They attribute this effect to the release of 




lysocline (McCorkle et al. 1995). Such an effect could adversely affect the accuracy of Ba/Ca ratios and 
so its possible existence merits further investigation. 
 Although the broad distribution of barium concentrations in the oceans is well-mapped (e.g. 
Chan et al. 1977), further insights into the mechanisms controlling this distribution would nevertheless 
be beneficial for providing additional context to barium-based proxies. Seawater barium isotope ratios 
can be used to study these mechanisms because barite cycling leaves an isotopic signature in seawater 
(Horner et al. 2015; Cao et al. 2016). In combination with seawater [Ba] measurements, mixing line 
plots can be constructed to reveal the relative effects of conservative mixing and non-conservative 
processes (such as barite cycling) on oceanic barium distributions. Thus far, seawater δ138Ba profiles in 
the southeast Atlantic Ocean and China Sea suggest that in the shallowest ~500 m barite cycling and 
conservative mixing both affect the distributions of [Ba] and δ138Ba (Horner et al. 2015; Cao et al. 
2016), whereas at greater depths these parameters are dominantly controlled by conservative mixing 
(Horner et al. 2015; Cao et al. 2016). The measurement of additional seawater δ138Ba profiles could 
expand these findings to the whole Atlantic Ocean or could reveal important regional differences. An 
additional benefit of mapping the distribution of seawater δ138Ba is that it might allow for a new 
palaeoceanographic proxy to be developed. If foraminiferal δ138Ba can be used to reconstruct that of the 
water in which it grew, these measurements could be used to study changes in ocean circulation and 
near-surface barite cycling (which is related to primary productivity) in the past. Ocean circulation and 
productivity proxies are valuable tools for investigating past variations in oceanic carbon distributions, 
which are of great relevance to changes in atmospheric carbon dioxide concentrations. 
As well as developing novel proxies in order to provide new insights into current questions, 
existing proxies can be applied in new ways. The benthic foraminiferal Ba/Ca proxy has previously 
been used to study glacial-interglacial differences in ocean circulation and alkalinity (Hall & Chan 
2004b; Lea & Boyle 1990a; Lea & Boyle 1990b; Lea 1990; Lea 1993; Lea 1995). There is much scope 
for applying this proxy to other scenarios, for example by comparing interglacial periods, or by studying 
variability within interglacials. A full understanding of the mechanisms controlling climate variability 
within and between interglacials may be important for predicting future climate change. As 
anthropogenic emissions of greenhouse gases into the atmosphere continue, the circulation of the oceans 
and their associated capacity to store carbon may be important. The Ba/Ca proxy can provide new 
insights into these processes during interglacial periods, thereby contributing towards predictions of 







6.2 Proxy development 
This thesis presents several findings which are of importance for oceanic barium-based 
palaeoceanographic proxies. As well as providing new insights into existing proxies, they highlight the 
potential for a new proxy to be developed. These findings are summarised below.  
In this study, SEM micrographs taken before and after foraminifera were cleaned using a barite-
removal step show that barite which is present prior to cleaning is absent afterward. This suggests that 
the barite-removal cleaning step is successful at removing barite, but it is not possible to prove that all 
barite has been removed. Visual inspection of SEM micrographs suggests that the addition of the DTPA 
step into the cleaning procedure does not result in significant sample degradation. This indicates that if 
there is preferential dissolution of low-barium regions of the shell, this would occur during the cleaning 
procedure regardless of whether a DTPA step was used. Foraminiferal trace metal ratios show a variable 
response to DTPA cleaning: Mg/Ca and Sr/Ca ratios are not affected by the addition of a barite-removal 
step into the cleaning procedure, whereas Ba/Ca ratios sometimes remain unchanged and other times 
increase when DTPA cleaning is used. These findings are in agreement with those of previous authors 
(Lea & Boyle 1993; Martin & Lea 2002). In addition, several possibilities are considered for the source 
of a relatively large and incongruous peak in Ba/Ca at ~2.3 ka. It is possible that this peak is due to 
barite contamination, which could have implications for the cleaning procedure. 
This thesis also presents the first known foraminiferal δ138Ba measurements, in the planktic 
foraminifer O. universa. Foraminiferal δ138Ba ratios are found to be isotopically lighter than those of 
seawater, but the magnitude of this offset is variable. This variability may be due to vital effects on 
δ138Ba, leading to morphotype-specific barium isotope ratios. The hypothesis that foraminiferal barium 
uptake is a biologically-mediated process is supported by this finding. In agreement with previous 
studies (Lea & Spero 1994; Hönisch et al. 2011), no temperature effect on Ba/Ca ratios is observed. 
Whilst this is beneficial to the Ba/Ca proxy, this finding cannot reveal new insights into the previously-
observed lack of a temperature effect in other species. In addition, new DBa values are presented for M. 
barleeanus, O. umbonatus and U. peregrina. The U. peregrina DBa value agrees well with those 
measured in previous studies (Lea & Boyle 1989; Lea 1993; Havach et al. 2001). There are no known 
previous measurements of M. barleeanus or O. umbonatus DBa values. The DBa values of the different 
species are offset from one another, demonstrating the importance of measuring a partition coefficient 
for each individual species before using it to reconstruct seawater barium concentrations. This suggests 
that unlike in planktic foraminifera, it may not be appropriate to apply a communal DBa value to multiple 
species of benthic foraminifera. 
In sediment core BC387-2 from a continental margin site in the southwest Atlantic Ocean, 
apparent shifts in primary productivity, indicated by δ13C variability, are unaccompanied by 
concomitant changes in Ba/Ca. This suggests that the Ba/Ca proxy for ocean circulation remains robust 
in relatively shallow and productive regions. Due to a lack of dissolution effects in this core, the impact 




In combination with data from the southeast Atlantic provided by other authors (Horner et al. 
2015; H. Pryer & Dr T. Horner, pers. com. 2016), the tropical North Atlantic seawater δ138Ba profiles 
presented in this study suggest that seawater δ138Ba is controlled by a combination of conservative and 
non-conservative processes. At depths greater than ~500 m seawater δ138Ba is dominantly controlled by 
conservative mixing between water masses. At shallower depths, non-conservative processes such as 
productivity-associated barite cycling play a more dominant role: barite precipitation sequesters the 
lighter isotopes of barium, leading to heavier barium isotope ratios in seawater, and the re-dissolution 
of this barite as it sinks through the water column decreases seawater δ138Ba. These findings are in 
agreement with previous studies (Horner et al. 2015; Cao et al. 2016). The distribution of seawater 
δ138Ba in the Atlantic and the mechanisms controlling this distribution are now relatively well 
understood, providing a backdrop for palaeoceanographic work. Furthermore, seafloor-derived benthic 
fluxes of dissolved barium which have been observed by previous studies (e.g. McManus et al. 1999; 
Paytan & Kastner 1996; McManus et al. 1998; McManus et al. 1994; Rubin et al. 2003) appear to have 
an isotopically heavy δ138Ba signature. In addition to these seawater measurements, the first known 
foraminiferal δ138Ba measurements are presented, in the planktic foraminifer O. universa. These are 
isotopically lighter than those of seawater, but the magnitude of this offset is variable. This variability 
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6.3 The climate system 
As well as providing the aforementioned insights into how the benthic foraminiferal Ba/Ca 
proxy might be developed, this study makes use of this proxy to provide new information about the 
climate system. MIS 5e Ba/Ca ratios are on average significantly higher than those of the Holocene, 
possibly due to a ‘stagnation event’ in AABW formation during MIS 5e. Such an event may have caused 
a build-up of dissolved barium within AABW, leading to higher ambient barium concentrations and 
hence higher Ba/Ca ratios at the core site during this time. This would indicate that some of the 
mechanisms involved in climatic variability within the last interglacial were different to those of the 
Holocene thus far. These MIS 5e conditions might manifest from future warming if this triggers a 
similar stagnation event in the future. Results from sediment core BC387-2 provide further supporting 
evidence for these conclusions. The trace metal data in core GC528 agree well with those in BC387-2 
(Figure 6.2) and the Ba/Ca, Mg/Ca and Mn/Ca offsets previously observed between the Holocene and 
MIS 5e are also visible when cores BC387-2 and GC642 are compared (Figure 6.2). This suggests that 
the Holocene-MIS 5e contrasts observed using cores GC528 and GC642 are reproducible in other 
sediment cores. 
In addition, several possibilities are considered for the source of a relatively large peak in Ba/Ca 
at ~2.3 ka. The most likely explanations for this peak may be that a sedimentation event caused the 
habitation depth of infaunal foraminifera to temporarily increase to a depth where ambient porewater 
barium concentrations were significantly higher, or that a fluctuation in the strength of vertical mixing 
within the Malvinas Current temporarily entrained higher-barium waters onto the site. It is likely that 
neither of these scenarios would have far-reaching implications for the climate system as they both 
depend upon relatively localised processes. Nevertheless, if the occurrence of either of these events 
could be confirmed this would reveal additional information about palaeoceanographic variability 
during the Holocene and how such variability might impact the Ba/Ca proxy. Alternatively, the ~2.3 ka 
Ba/Ca peak may be an artefact caused by sample contamination. In the context of results from core 
BC387-2, this peak appears atypical (Figure 6.2) and thus potentially spurious. BC387-2 was collected 
from nearby to GC528 (Figure 3.1; Figure 4.2), yet in this core the Ba/Ca peak at ~2.3 ka is absent. This 
suggests that the ~2.3 ka peak in GC528 may be an artefact rather than an indicator of climatic 
variability. However, there is considerable uncertainty associated with the age model for BC387-2, with 
calculated sedimentation rates ranging from 0.01 to 0.21 cm/year (see Section 3.5.1 ‘BC387-2 age 
model’). Using an estimated sedimentation rate of 0.21 cm/year gives an age of approximately 120 
years to sediments at the base of core BC387-2 (Figure 6.2). Therefore, strong conclusions cannot be 
drawn about the absence of the ~2.3 ka peak in core BC387-2 unless the ages of these sediments are 





Figure 6.2. All trace metal data measured in M. barleeanus, from sediment cores BC387-2 (top), GC528 
(middle) and GC642 (bottom): Ba/Ca; Mg/Ca, or Mg/Ca-derived temperature calculated from Mg/Ca 
using the equation of Kristjánsdóttir et al. 2007; Sr/Ca; and Mn/Ca. Two age axes are presented for 
sediment core BC387-2, constructed using the two extremes of sedimentation rate that were estimated 
for this core using 210Pb-dating: 0.21 cm/year (left) and 0.01 cm/year (right). The GC528 and GC642 
age models were constructed using radiocarbon dating of Uvigerina bifurcata (Roberts et al. 2016; Dr 







6.4 Future work 
 The findings presented in this thesis raise new questions which invite further study. Although 
the SEM results suggest that the barite-removal step is effective, the development of a technique for 
screening out all barite contamination prior to measurement would be ideal. It is difficult to envisage 
how this might be achieved in multi-specimen samples of dissolved foraminifera, but the use of laser 
ablation on single specimens (e.g. Hathorne et al. 2003) might preclude the need to remove all barite 
because barite particles could then be visually avoided. The variable response of foraminiferal Ba/Ca 
ratios to DTPA cleaning could be investigated further using sequential dissolution experiments or by 
targeting different regions of the shell using laser ablation (e.g. Hathorne et al. 2003). These experiments 
would reveal whether barium is heterogeneously spread through the shell. Combining this with visual 
inspection of partially-dissolved foraminifera would reveal whether low-barium regions of the shell are 
preferentially dissolved. In addition, the effect of the cleaning procedure on foraminiferal δ138Ba should 
be investigated, in order to ensure that these results are not affected by the cleaning procedure. As an 
additional investigation into the cleaning procedure, the source of the Ba/Ca peak at ~2.3 ka should be 
confirmed, because if it was caused by contamination then the cleaning methods should potentially be 
adjusted. This could be facilitated by collecting additional sediment cores from nearby to the site of 
core GC528. If the ~2.3 ka peak is replicated in these cores, this would provide a strong indication that 
the peak was not caused by contamination. If the peak is not replicated, the possibility of contamination 
should be reconsidered. 
The reason for the isotopically lighter δ138Ba of foraminifera compared to seawater δ138Ba might 
be determined amid ongoing investigations into the biomineralisation processes, which could reveal the 
mechanism by which foraminifera incorporate barium. Further insights could also be gained by 
determining the cause of the observed variability in seawater-foraminifer δ138Ba offsets. To facilitate 
this, δ138Ba ratios should be measured in single-morphotype samples of O. universa. The relationship 
between foraminifer size and δ138Ba could also be investigated further, by measuring δ138Ba in samples 
from restricted size fractions. These samples should also be restricted to a single morphotype, to 
distinguish the effects of size from those of morphotype. Whilst the lack of a temperature effect on 
Ba/Ca is useful in using Ba/Ca as a proxy for ocean circulation, it is also mysterious. Further studies 
into the process of biomineralisation, including using foraminiferal δ138Ba, might aid in revealing the 
reason for the lack of a temperature effect on Ba/Ca. The continued measurement of DBa values in 
multiple species of benthic foraminifera will aid in defining the inter-species and intra-species 
variability in barium uptake, hence improving the accuracy of the Ba/Ca proxy. In addition, DBa values 
might be made more accurate by using more closely-paired Ba/Ca and ambient [Ba] measurements, for 
example by using laboratory culturing experiments, by pairing foraminifera sample collection with 
porewater measurements from the same sediment core, or in the case of epibenthic species by using 
benthic landers to measure seawater [Ba] directly above the sediment-water interface. The accuracy of 




a linear regression forced through zero to calculate DBa, because in theory barium-free water should 
produce a foraminiferal Ba/Ca ratio of zero (Lea & Spero 1992; Lea & Spero 1994). 
The results presented in this study which suggest that the Ba/Ca proxy is robust to changes in 
productivity may alleviate some of the concern related to using the Ba/Ca proxy in non-pelagic settings. 
However, further tests would nevertheless be useful for increasing confidence in this finding. The 
possibility of a dissolution effect on Ba/Ca ratios should also be investigated in future studies. It may 
be most appropriate to use sediment cores from the open ocean for this purpose, because there is a 
higher possibility of post-depositional dissolution here and because most palaeoceanographic data are 
provided from this type of setting. Determining the effects of productivity and post-depositional 
dissolution on foraminiferal δ138Ba may also be an important task for future studies, as part of 
developing this into a new proxy. 
The measurement of additional seawater δ138Ba profiles in the source regions of Atlantic water 
masses (the subpolar and polar regions) would facilitate the construction of a mixing line for the whole 
Atlantic Ocean. This could confirm with greater certainty that seawater δ138Ba (below ~500 m) is 
controlled by conservative mixing. The source of the observed isotopically-heavy benthic fluxes near 
to the seafloor could be investigated further by using benthic landers to take measurements from directly 
above the sediment-water interface. Measuring δ138Ba ratios in the various barium-bearing phases that 
are present within seafloor sediments (such as barite, celestite and organic matter) would also be 
beneficial to this purpose. In addition to these seawater δ138Ba studies, the determination of a known 
relationship between foraminiferal δ138Ba and that of seawater could facilitate its use as a new 
palaeoceanographic proxy for ocean circulation and primary productivity. This could be achieved via 
further foraminiferal measurements which separate out the competing effects of species, morphotype 
and foraminifer size on δ138Ba. The reason for the isotopically lighter δ138Ba of foraminifera compared 
to that of seawater might be determined amid ongoing investigations into the biomineralisation 
processes. This may also aid efforts to determine a reliable relationship between foraminifer and 
seawater δ138Ba. 
In addition to contributing towards the ongoing development of palaeoceanographic proxies, 
future work could build upon the observations of past climate variability presented in this thesis. Further 
measurements of high-resolution sediment cores from the South Atlantic and Southern Ocean covering 
the Holocene and MIS 5e would aid in confirming or denying the existence of a ‘stagnation event’ 
during MIS 5e, as well as elucidating its timing. Furthermore, additional Ba/Ca measurements would 
be useful in confirming that such an event was associated with elevated barium concentrations within 
AABW. The possibility of a Southern Hemisphere forcing for this mechanism could be investigated by 
reconstructing past freshwater inputs in regions of AABW formation during MIS 5e and the Holocene 
using proxies such as planktic oxygen isotopes and by incorporating the stagnation event mechanism 
into climate models. If foraminiferal δ138Ba is developed into an established proxy, this could be 




supplement to the results presented here. Within the Holocene, further studies of the Ba/Ca peak at ~2.3 
ka could include measuring the barium content of local ice-rafted debris and its ability to release this 
barium to sediment porewaters. This might reveal whether or not it is feasible to attribute the ~2.3 ka 
peak to an iceberg rafting event. To investigate whether the Ba/Ca peak resulted from a fluctuation in 
the Malvinas Current, past variations in this current could be studied using a flow rate indicator such as 
sortable silt size. The feasibility of a sedimentation event causing infaunal foraminifera to temporarily 
inhabit greater depths could be investigated by studying such events in the modern day, including their 
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Table A.3. Results of EDS spectra collected from barite-like particles located upon a specimen of 
Oridorsalis umbonatus. EDS spectra results collected from the shell of this foraminifer are 
provided in Table A.4. Repeat measurements were taken from the same position to ensure that the 
EDS spectra are representative. 
 Ca (wt %)  Al (wt %)  Si (wt %) 
Results shown in Figure 3.9 
Initial results 86.0  14.0  0.0 
Repeat 1 84.2  15.8  0.0 
Repeat 2 83.3  16.7  0.0 
      
Additional barite-like particle A 
Initial results 89.5  10.5  0.0 
Repeat 1 90.5  9.5  0.0 
Repeat 2 90.2  9.8  0.0 
      
Additional barite-like particle B      
Initial results 88.4  10.4  1.2 a 
Repeat 1 87.1  11.5  1.4 a 
Repeat 2 88.5  11.5  0.0 
Repeat 3 85.7  12.3  2.0 
Repeat 4 82.6  15.1  2.3 
Repeat 5 82.5  15.3  2.2 
















Table A.4. Results of EDS spectra collected from the calcium carbonate shell surfaces of 
Oridorsalis umbonatus and Melonis barleeanus. EDS spectra results collected from barite-like 
particles located upon O. umbonatus are provided in Table A.3. Repeat measurements were taken 
from the same position to ensure that the EDS spectra are representative. 
 Ca (wt %)  Al (wt %)  Si (wt %)  Cu (wt %) 
Results shown in Figure 3.9        
Initial results 92.3  7.7  0.0  0.0 
Repeat 1 89.3  10.7  0.0  0.0 
Repeat 2 86.4  11.2  2.3  0.0 
 Ca (wt %)  Al (wt %)  Si (wt %)  Cu (wt %) 
Repeat 3 84.6  12.5  2.8  0.0 
        
Additional O. umbonatus site (same specimen as above) 
Initial results 86.0  14.0  0.0  0.0 
Repeat 1 85.1  14.9  0.0  0.0 
Repeat 2 85.0  15.0  0.0  0.0 
        
M. barleeanus        
Initial results 92.4  7.6  0.0  0.0 
Repeat 1 87.9  8.5  2.1  1.5 a 
Repeat 2 88.5  9.3  2.2  0.0 


















The following SEM images of uncleaned, fully-cleaned (cleaned using the full cleaning 
procedure described in Section 2.2 ‘Foraminiferal cleaning procedure’) and non-DTPA-cleaned 
(cleaned without using the DTPA step for barite-removal) foraminifera are presented: 
 
Figure A.1. Uncleaned M. barleeanus (core BC387-2) 
Figure A.2. Uncleaned O. umbonatus (core BC387-2) 
Figure A.3. Uncleaned U. peregrina (core BC387-2) 
Figure A.4. Uncleaned U. peregrina (core BC387-2) 
 
Figure A.5. Non-DTPA-cleaned M. barleeanus (core BC387-2) 
Figure A.6. Non-DTPA-cleaned M. barleeanus (core BC387-2) 
Figure A.7. Non-DTPA-cleaned O. umbonatus (core BC387-2) 
Figure A.8. Non-DTPA-cleaned O. umbonatus (core BC387-2) 
Figure A.9. Non-DTPA-cleaned U. peregrina (core BC387-2) 
Figure A.10. Non-DTPA-cleaned U. peregrina (core BC387-2) 
Figure A.11. Non-DTPA-cleaned U. peregrina (core BC387-2) 
 
Figure A.12. Fully-cleaned M. barleeanus (core BC387-2) 
Figure A.13. Fully-cleaned O. umbonatus (core BC387-2) 









































































































Data tables are presented for figures in Chapters 2 to 6, except for where these are included in 
the main text. Data provided by other authors are not shown. Also omitted are datasets of very high 
resolution: RGB colour data for sediment core BC387-2 (Figure 3.2); and CTD sensor data (Figure 5.3; 
Figure 5.4). The following calculated datasets are also not included because they can be regenerated 
using the equations provided: age-depth plots for various sedimentation rates (Figure 3.10); the effect 
of DBa on calculated seawater [Ba] and alkalinity (Figure 3.13); and the effect of seawater [Ba] on 




Table A.5. Data plotted in Figure 2.2. 
Measured 43Ca ± 2σ (cps) Solution [Ca] (ppm) 
3.39 x 105 ± 8.35 x 103 1 
1.69 x 106 ± 1.24 x 104 5 
3.96 x 106 ± 1.29 x 104 10 
8.16 x 106 ± 9.34 x 104 20 




Table A.6. Data plotted in Figure 2.6. 
Depth 
(cm) 
Ba/Ca ± 2σ 
(µmol/mol) 
Mn/Ca ± 2σ 
(µmol/mol) 
Al/Ca ± 2σ 
(µmol/mol) 
Matrix effect ± 2σ for 
Ba/Ca (%) 
Sediment core BC387-2, M. barleeanus 
2.5 3.88 ± 0.16 1.82 ± 0.56 54.81 ± 3.38 –0.91 ± 2.55 
4.5 3.71 ± 0.21 1.92 ± 0.12 17.74 ± 1.96 –3.00 ± 3.79 
7.5 3.56 ± 0.16 2.11 ± 0.60 43.04 ± 2.73 5.82 ± 3.61 
14.5 3.51 ± 0.15 2.01 ± 0.23 1.90 ± 1.85 –3.00 ± 1.98 
14.5 3.46 ± 0.14 1.80 ± 0.28 43.35 ± 2.59 –0.26 ± 1.97 
16.5 3.04 ± 0.14 2.04 ± 0.23 < LoD 1.00 ± 3.44 
16.5 3.81 ± 0.14 2.51 ± 0.41 41.33 ± 2.33 5.25 ± 3.08 
22.5 3.52 ± 0.47 2.33 ± 0.34 33.56 ± 3.87 5.00 ± 8.39 
24.5 3.21 ± 0.12 2.01 ± 0.33 < LoD –1.00 ± 2.34 
Sediment core BC387-2, O. umbonatus 






Ba/Ca ± 2σ 
(µmol/mol) 
Mn/Ca ± 2σ 
(µmol/mol) 
Al/Ca ± 2σ 
(µmol/mol) 
Matrix effect ± 2σ for 
Ba/Ca (%) 
2.5 1.86 ± 0.10 1.25 ± 0.20 30.72 ± 3.26 –2.00 ± 2.10 
4.5 1.84 ± 0.05 1.47 ± 0.17 < LoD –4.00 ± 0.63 
8.5 2.15 ± 0.20 1.98 ± 0.18 4.20 ± 0.92 6.00 ± 6.57 
8.5 1.88 ± 0.18 1.29 ± 0.27 7.05 ± 1.49 8.62 ± 5.40 
12.5 1.87 ± 0.09 1.73 ± 0.17 < LoD 5.00 ± 1.80 
16.5 1.90 ± 0.06 1.67 ± 0.19 < LoD –2.00 ± 0.71 
16.5 2.01 ± 0.18 1.80 ± 0.38 8.37 ± 1.65 –4.72 ± 4.71 
20.5 1.88 ± 0.14 1.90 ± 0.47 5.34 ± 1.46 8.68 ± 1.93 
Sediment core BC387-2, U. peregrina 
5.5 2.32 ± 0.13 1.27 ± 0.50 4.76 ± 1.71 2.61 ± 1.39 
7.5 2.46 ± 0.09 1.59 ± 0.10 3.11 ± 1.01 6.56 ± 1.88 
9.5 2.37 ± 0.13 2.16 ± 0.36 5.69 ± 0.77 –0.87 ± 2.98 
11.5 2.45 ± 0.11 1.65 ± 0.46 4.75 ± 1.53 7.73 ± 1.68 
15.5 2.42 ± 0.08 1.46 ± 0.57 6.36 ± 2.17 3.13 ± 1.29 
17.5 2.49 ± 0.14 1.15 ± 0.48 4.82 ± 1.51 1.78 ± 4.18 
18.5 2.53 ± 0.14 1.12 ± 0.16 < LoD 17.00 ± 4.33 
23.5 2.40 ± 0.10 1.46 ± 0.43 4.13 ± 1.46 12.37 ± 3.32 
Sediment core GC528, M. barleeanus 
4.5 3.33 ± 0.07 1.84 ± 0.28 28.15 ± 3.20 1.94 ± 1.09 
8.5 3.38 ± 0.15 1.75 ± 0.12 34.04 ± 1.88 21.67 ± 3.24 
16.5 5.17 ± 0.27 2.85 ± 0.25 46.38 ± 3.16 –3.30 ± 2.35 
24.5 3.54 ± 0.20 4.01 ± 0.24 42.59 ± 1.35 1.68 ± 0.97 
28.5 3.51 ± 0.30 4.12 ± 0.26 34.01 ± 1.85 15.99 ± 3.95 
32.5 3.75 ± 0.18 3.66 ± 0.33 45.62 ± 2.27 –16.76 ± 2.27 
36.5 3.66 ± 0.27 4.72 ± 0.35 45.26 ± 3.38 19.39 ± 5.61 
38.5 3.60 ± 0.13 3.86 ± 0.29 37.74 ± 1.80 4.54 ± 1.71 
41.5 3.60 ± 0.21 4.46 ± 0.27 48.05 ± 1.75 9.17 ± 4.23 
44.5 3.78 ± 0.31 5.98 ± 0.62 40.75 ± 2.95 14.13 ± 5.70 
46.5 3.64 ± 0.09 4.49 ± 0.58 27.93 ± 2.19 3.15 ± 2.06 
48.5 3.61 ± 0.11 5.12 ± 0.29 25.08 ± 0.46 5.22 ± 0.94 
52.5 3.81 ± 0.12 3.05 ± 0.24 34.52 ± 1.16 21.70 ± 2.21 
54.5 3.35 ± 0.21 2.19 ± 0.20 27.94 ± 1.86 18.79 ± 4.89 
56.5 3.42 ± 0.26 2.97 ± 0.22 41.44 ± 2.03 23.74 ± 6.39 






Ba/Ca ± 2σ 
(µmol/mol) 
Mn/Ca ± 2σ 
(µmol/mol) 
Al/Ca ± 2σ 
(µmol/mol) 
Matrix effect ± 2σ for 
Ba/Ca (%) 
62.5 3.66 ± 0.29 4.10 ± 0.57 34.09 ± 1.80 9.20 ± 2.50 
Sediment core GC642, M. barleeanus 
22.5 4.10 ± 0.19 32.12 ± 1.40 54.84 ± 2.24 3.17 ± 2.99 
26.5 4.04 ± 0.17 24.29 ± 1.26 37.78 ± 1.87 –6.51 ± 1.51 
28.5 4.17 ± 0.28 27.70 ± 1.35 43.51 ± 1.42 –0.04 ± 1.94 
30.5 4.04 ± 0.11 26.86 ± 2.48 48.10 ± 3.04 –4.09 ± 2.11 
32.5 4.19 ± 0.21 25.81 ± 1.74 45.15 ± 2.04 –7.76 ± 0.52 
38.5 3.62 ± 0.21 22.15 ± 1.13 48.43 ± 2.16 3.76 ± 1.24 




Table A.7. Data plotted in Figure 2.7. 
Depth 
(cm) 
Mg/Ca ± 2σ 
(mmol/mol) 
Mn/Ca ± 2σ 
(µmol/mol) 
Al/Ca ± 2σ 
(µmol/mol) 
Matrix effect ± 2σ for 
Mg/Ca (%) 
Sediment core BC387-2, M. barleeanus 
1.5 0.80 ± 0.07 2.23 ± 0.61 < LoD –12.00 ± 3.88 
4.5 1.03 ± 0.07 1.92 ± 0.12 17.74 ± 1.96 –3.00 ± 3.79 
7.5 0.92 ± 0.03 2.00 ± 0.49 42.36 ± 2.03 5.34 ± 2.39 
9.5 0.86 ± 0.07 2.57 ± 0.33 < LoD 12.00 ± 6.52 
12.5 0.90 ± 0.05 2.29 ± 0.13 30.82 ± 3.92 –16.00 ± 2.57 
14.5 0.92 ± 0.04 2.01 ± 0.23 1.90 ± 1.85 –3.00 ± 1.98 
14.5 0.83 ± 0.03 1.80 ± 0.28 43.35 ± 2.59 –0.26 ± 1.97 
16.5 0.82 ± 0.05 2.04 ± 0.23 < LoD 1.00 ± 3.44 
16.5 0.81 ± 0.03 2.51 ± 0.41 41.33 ± 2.33 5.25 ± 3.08 
22.5 0.99 ± 0.11 2.33 ± 0.34 33.56 ± 3.87 5.00 ± 8.39 
24.5 0.90 ± 0.07 2.01 ± 0.33 < LoD –1.00 ± 2.34 
24.5 0.81 ± 0.09 1.84 ± 0.65 < LoD 13.00 ± 6.44 
Sediment core BC387-2, O. umbonatus 
0.5 1.45 ± 0.04 1.24 ± 0.20 34.22 ± 2.65 –4.00 ± 1.52 
2.5 1.38 ± 0.05 1.25 ± 0.20 30.72 ± 3.26 –2.00 ± 2.10 
4.5 1.32 ± 0.04 1.47 ± 0.17 < LoD –4.00 ± 0.63 
8.5 1.47 ± 0.12 1.98 ± 0.18 4.20 ± 0.92 6.00 ± 6.57 






Mg/Ca ± 2σ 
(mmol/mol) 
Mn/Ca ± 2σ 
(µmol/mol) 
Al/Ca ± 2σ 
(µmol/mol) 
Matrix effect ± 2σ for 
Mg/Ca (%) 
12.5 1.58 ± 0.07 1.73 ± 0.17 < LoD 5.00 ± 1.80 
16.5 1.38 ± 0.05 1.67 ± 0.19 < LoD –2.00 ± 0.71 
16.5 1.39 ± 0.08 1.97 ± 0.56 8.38 ± 2.42 2.42 ± 4.07 
20.5 1.38 ± 0.06 1.90 ± 0.47 5.34 ± 1.46 8.68 ± 1.93 
22.5 1.43 ± 0.09 2.23 ± 0.20 17.99 ± 3.10 –16.00 ± 0.95 
Sediment core BC387-2, U. peregrina 
0.5 0.99 ± 0.05 2.47 ± 0.17 < LoD –4.00 ± 1.93 
5.5 1.01 ± 0.04 1.27 ± 0.50 4.76 ± 1.71 2.61 ± 1.39 
6.5 0.97 ± 0.03 1.15 ± 0.12 < LoD –4.00 ± 1.21 
7.5 1.09 ± 0.02 1.37 ± 0.24 3.23 ± 2.60 –0.19 ± 0.79 
9.5 1.04 ± 0.09 2.16 ± 0.36 5.69 ± 0.77 –0.87 ± 2.98 
10.5 1.03 ± 0.07 1.61 ± 0.26 7.30 ± 0.98 –5.00 ± 4.84 
11.5 1.04 ± 0.04 1.83 ± 0.44 5.63 ± 0.24 1.23 ± 1.82 
15.5 1.13 ± 0.05 1.46 ± 0.57 6.36 ± 2.17 3.13 ± 1.29 
17.5 0.93 ± 0.04 1.12 ± 0.59 4.87 ± 1.23 –5.50 ± 0.77 
18.5 1.09 ± 0.05 1.12 ± 0.16 < LoD 17.00 ± 4.33 
23.5 1.05 ± 0.04 1.31 ± 0.17 3.16 ± 1.47 10.69 ± 4.10 
Sediment core GC528, M. barleeanus 
4.5 0.81 ± 0.02 1.84 ± 0.28 28.15 ± 3.20 1.94 ± 1.09 
8.5 0.85 ± 0.05 1.75 ± 0.12 34.04 ± 1.88 21.67 ± 3.24 
16.5 0.92 ± 0.04 2.85 ± 0.25 46.38 ± 3.16 –3.30 ± 2.35 
24.5 0.86 ± 0.03 4.01 ± 0.24 42.59 ± 1.35 1.68 ± 0.97 
28.5 0.86 ± 0.04 4.12 ± 0.26 34.01 ± 1.85 15.99 ± 3.95 
32.5 0.88 ± 0.03 3.66 ± 0.33 45.62 ± 2.27 –18.32 ± 2.33 
36.5 0.91 ± 0.05 4.72 ± 0.35 45.26 ± 3.38 19.39 ± 5.61 
38.5 0.93 ± 0.03 3.86 ± 0.29 37.74 ± 1.80 –0.06 ± 1.72 
41.5 0.88 ± 0.05 4.46 ± 0.27 48.05 ± 1.75 9.17 ± 4.23 
44.5 0.93 ± 0.05 5.98 ± 0.62 40.75 ± 2.95 10.75 ± 4.74 
46.5 0.89 ± 0.04 4.49 ± 0.58 27.93 ± 2.19 3.15 ± 2.06 
48.5 0.84 ± 0.02 5.12 ± 0.29 25.08 ± 0.46 5.22 ± 0.94 
52.5 0.87 ± 0.02 3.05 ± 0.24 34.52 ± 1.16 17.83 ± 1.10 
54.5 0.87 ± 0.05 2.19 ± 0.20 27.94 ± 1.86 22.20 ± 1.72 
56.5 0.94 ± 0.06 2.97 ± 0.22 41.44 ± 2.03 24.00 ± 4.86 






Mg/Ca ± 2σ 
(mmol/mol) 
Mn/Ca ± 2σ 
(µmol/mol) 
Al/Ca ± 2σ 
(µmol/mol) 
Matrix effect ± 2σ for 
Mg/Ca (%) 
62.5 1.01 ± 0.04 4.10 ± 0.57 34.09 ± 1.80 9.20 ± 2.50 
Sediment core GC642, M. barleeanus 
22.5 1.19 ± 0.02 32.12 ± 1.40 54.84 ± 2.24 –0.91 ± 0.74 
26.5 1.18 ± 0.03 24.29 ± 1.26 37.78 ± 1.87 –6.51 ± 1.51 
28.5 1.19 ± 0.04 27.70 ± 1.35 43.51 ± 1.42 –3.99 ± 2.02 
30.5 1.23 ± 0.03 26.86 ± 2.48 48.10 ± 3.04 –4.09 ± 2.11 
32.5 1.16 ± 0.06 25.81 ± 1.74 45.15 ± 2.04 –7.76 ± 0.52 
38.5 1.09 ± 0.02 22.15 ± 1.13 48.43 ± 2.16 3.76 ± 1.24 




Table A.8. Data plotted in Figure 2.8. 
Depth 
(cm) 
Sr/Ca ± 2σ 
(mmol/mol) 
Mn/Ca ± 2σ 
(µmol/mol) 
Al/Ca ± 2σ 
(µmol/mol) 
Matrix effect ± 2σ for 
Sr/Ca (%) 
Sediment core BC387-2, M. barleeanus 
4.5 1.25 ± 0.08 1.92 ± 0.12 17.74 ± 1.96 –3.00 ± 3.79 
7.5 1.25 ± 0.04 2.00 ± 0.49 42.36 ± 2.03 5.34 ± 2.39 
14.5 1.25 ± 0.04 2.01 ± 0.23 1.90 ± 1.85 –3.00 ± 1.98 
14.5 1.25 ± 0.03 1.80 ± 0.28 43.35 ± 2.59 –0.26 ± 1.97 
16.5 1.24 ± 0.07 2.04 ± 0.23 < LoD 1.00 ± 3.44 
16.5 1.26 ± 0.03 2.38 ± 0.46 41.80 ± 3.40 5.61 ± 2.09 
22.5 1.28 ± 0.17 2.33 ± 0.34 33.56 ± 3.87 5.00 ± 8.39 
24.5 1.24 ± 0.04 2.01 ± 0.33 < LoD –1.00 ± 2.34 
Sediment core BC387-2, O. umbonatus 
0.5 1.00 ± 0.02 1.24 ± 0.20 34.22 ± 2.65 –4.00 ± 1.52 
2.5 1.00 ± 0.03 1.25 ± 0.20 30.72 ± 3.26 –2.00 ± 2.10 
4.5 0.99 ± 0.01 1.47 ± 0.17 < LoD –4.00 ± 0.63 
8.5 0.99 ± 0.10 1.98 ± 0.18 4.20 ± 0.92 6.00 ± 6.57 
8.5 0.99 ± 0.04 1.53 ± 0.25 6.70 ± 0.62 3.62 ± 3.48 
12.5 0.99 ± 0.03 1.73 ± 0.17 < LoD 5.00 ± 1.80 
16.5 0.99 ± 0.01 1.67 ± 0.19 < LoD –2.00 ± 0.71 
16.5 0.96 ± 0.05 1.97 ± 0.56 8.38 ± 2.42 2.42 ± 4.07 






Sr/Ca ± 2σ 
(mmol/mol) 
Mn/Ca ± 2σ 
(µmol/mol) 
Al/Ca ± 2σ 
(µmol/mol) 
Matrix effect ± 2σ for 
Sr/Ca (%) 
22.5 1.02 ± 0.07 2.23 ± 0.20 17.99 ± 3.10 –16.00 ± 0.95 
Sediment core BC387-2, U. peregrina 
0.5 1.03 ± 0.03 2.47 ± 0.17 < LoD –4.00 ± 1.93 
5.5 1.06 ± 0.03 1.27 ± 0.50 4.76 ± 1.71 2.61 ± 1.39 
6.5 1.02 ± 0.02 1.15 ± 0.12 < LoD –4.00 ± 1.21 
7.5 1.05 ± 0.04 1.37 ± 0.24 3.23 ± 2.60 –0.19 ± 0.79 
9.5 1.05 ± 0.05 2.16 ± 0.36 5.69 ± 0.77 –0.87 ± 2.98 
10.5 1.09 ± 0.07 1.61 ± 0.26 7.30 ± 0.98 –5.00 ± 4.84 
11.5 1.07 ± 0.03 1.83 ± 0.44 5.63 ± 0.24 1.23 ± 1.82 
15.5 1.06 ± 0.02 1.46 ± 0.57 6.36 ± 2.17 3.13 ± 1.29 
17.5 1.03 ± 0.03 1.12 ± 0.59 4.87 ± 1.23 –5.50 ± 0.77 
18.5 1.05 ± 0.06 1.12 ± 0.16 < LoD 17.00 ± 4.33 
23.5 1.03 ± 0.04 1.46 ± 0.43 4.13 ± 1.46 12.37 ± 3.32 
Sediment core GC528, M. barleeanus 
4.5 1.23 ± 0.02 1.84 ± 0.28 28.15 ± 3.20 1.94 ± 1.09 
8.5 1.25 ± 0.06 1.75 ± 0.12 34.04 ± 1.88 21.67 ± 3.24 
16.5 1.24 ± 0.04 2.85 ± 0.25 46.38 ± 3.16 –3.30 ± 2.35 
24.5 1.26 ± 0.03 4.01 ± 0.24 42.59 ± 1.35 1.68 ± 0.97 
28.5 1.23 ± 0.05 4.12 ± 0.26 34.01 ± 1.85 10.96 ± 4.18 
32.5 1.24 ± 0.04 3.66 ± 0.33 45.62 ± 2.27 –18.32 ± 2.33 
36.5 1.28 ± 0.08 4.72 ± 0.35 45.26 ± 3.38 17.59 ± 5.13 
38.5 1.24 ± 0.03 3.86 ± 0.29 37.74 ± 1.80 4.54 ± 1.71 
41.5 1.25 ± 0.08 4.46 ± 0.27 48.05 ± 1.75 4.05 ± 2.23 
44.5 1.25 ± 0.08 5.98 ± 0.62 40.75 ± 2.95 14.13 ± 5.70 
46.5 1.25 ± 0.04 4.49 ± 0.58 27.93 ± 2.19 3.15 ± 2.06 
48.5 1.22 ± 0.02 5.12 ± 0.29 25.08 ± 0.46 –0.40 ± 1.39 
52.5 1.27 ± 0.03 3.05 ± 0.24 34.52 ± 1.16 17.83 ± 1.10 
54.5 1.25 ± 0.06 2.19 ± 0.20 27.94 ± 1.86 23.93 ± 3.41 
56.5 1.23 ± 0.07 2.97 ± 0.22 41.44 ± 2.03 24.00 ± 4.86 
58.5 1.25 ± 0.02 3.92 ± 0.29 26.56 ± 1.52 4.73 ± 0.81 
62.5 1.27 ± 0.04 4.10 ± 0.57 34.09 ± 1.80 9.20 ± 2.50 
Sediment core GC642, M. barleeanus 
22.5 1.26 ± 0.01 32.12 ± 1.40 54.84 ± 2.24 –0.91 ± 0.74 






Sr/Ca ± 2σ 
(mmol/mol) 
Mn/Ca ± 2σ 
(µmol/mol) 
Al/Ca ± 2σ 
(µmol/mol) 
Matrix effect ± 2σ for 
Sr/Ca (%) 
28.5 1.27 ± 0.02 27.70 ± 1.35 43.51 ± 1.42 0.91 ± 0.82 
30.5 1.30 ± 0.08 26.86 ± 2.48 48.10 ± 3.04 –4.09 ± 2.11 
32.5 1.25 ± 0.03 25.81 ± 1.74 45.15 ± 2.04 –7.76 ± 0.52 
38.5 1.26 ± 0.04 22.15 ± 1.13 48.43 ± 2.16 3.76 ± 1.24 




Table A.9. Consistency standard measurements plotted in Figure 2.9, Figure 2.10, Figure 2.11, 
Figure 2.12 and Figure 2.13. The short- and long-term precision calculated from these values are 
provided in Table 2.5 and Table 2.6. 
 Start of run  Middle of run  End of run 
21st March 2015      
Ba/Ca ± 2σ (µmol/mol) N/A  N/A  1.20 ± 0.06 
Mg/Ca ± 2σ (mmol/mol) N/A  N/A  4.49 ± 0.17 
Sr/Ca ± 2σ (mmol/mol) N/A  N/A  1.26 ± 0.05 
29th March 2015      
Ba/Ca ± 2σ (µmol/mol) 1.05 ± 0.10  N/A  1.07 ± 0.03 
Mg/Ca ± 2σ (mmol/mol) 4.44 ± 0.31  N/A  4.42 ± 0.11 
Sr/Ca ± 2σ (mmol/mol) 1.25 ± 0.09  N/A  1.26 ± 0.03 
19th April 2015      
Ba/Ca ± 2σ (µmol/mol) 1.23 ± 0.29  1.11 ± 0.20  1.14 ± 1.14 
Mg/Ca ± 2σ (mmol/mol) 4.63 ± 1.06  4.45 ± 0.99  4.46 ± 4.46 
Sr/Ca ± 2σ (mmol/mol) 1.26 ± 0.25  1.25 ± 0.24  1.26 ± 1.26 
24th May 2015      
Mg/Ca ± 2σ (mmol/mol) 4.49 ± 0.21  N/A  4.53 ± 1.06 
Sr/Ca ± 2σ (mmol/mol) 1.26 ± 0.11  N/A  1.17 ± 0.89 
26th June 2015      
Mg/Ca ± 2σ (mmol/mol) 4.60 ± 2.78  4.60 ± 0.52  4.48 ± 0.59 
Sr/Ca ± 2σ (mmol/mol) 1.26 ± 0.74  1.27 ± 0.18  1.27 ± 0.19 
11th July 2015      
Mg/Ca ± 2σ (mmol/mol) 4.41 ± 0.42  4.41 ± 0.19  4.49 ± 0.21 
18th November 2015      




 Start of run  Middle of run  End of run 
Mg/Ca ± 2σ (mmol/mol) 4.54 ± 0.13  4.46 ± 0.14  4.50 ± 0.17 
Sr/Ca ± 2σ (mmol/mol) 1.26 ± 0.03  1.26 ± 0.02  1.28 ± 0.03 
23rd November 2015      
Ba/Ca ± 2σ (µmol/mol) 1.54 ± 0.18  1.67 ± 0.27  1.61 ± 0.11 
Mg/Ca ± 2σ (mmol/mol) 4.28 ± 0.48  4.56 ± 0.46  4.50 ± 0.13 
Sr/Ca ± 2σ (mmol/mol) 1.25 ± 0.16  1.34 ± 0.16  1.26 ± 0.07 
4th February 2016      
Ba/Ca ± 2σ (µmol/mol) 1.17 ± 0.11  1.24 ± 0.12  1.23 ± 0.12 
Mg/Ca ± 2σ (mmol/mol) 4.49 ± 0.20  4.54 ± 0.15  4.40 ± 0.25 
Sr/Ca ± 2σ (mmol/mol) 1.27 ± 0.04  1.27 ± 0.04  1.27 ± 0.07 




Table A.10. Interlaboratory comparison measurements plotted in Figure 2.14. 
 Ba/Ca ± 2σ 
(µmol/mol) a 
Ba/Ca ± 2σ 
(µmol/mol) b 
Mg/Ca ± 2σ 
(mmol/mol) b 
Sr/Ca ± 2σ 
(mmol/mol) b 
Measured at the Bristol Isotope Group in the School of Earth Sciences, 
University of Bristol 
 0.67 ± 0.12 2.15 ± 0.07 1.47 ± 0.06 1.01 ± 0.04 
Measured at the School of Earth and Ocean Sciences, 
Cardiff University 
  2.12 ± 0.10 1.43 ± 0.07 0.99 ± 0.04 
Measured at the Department of Marine Chemistry and Geochemistry, 
Woods Hole Oceanographic Institution 
 0.63 c    
a) Orbulina universa (S0157); b) Oridorsalis umbonatus (BC387-2) 
c) No error bar is shown for this measurement because the internal precision resulting from this 
technique was sufficiently small as to be negligible (Dr T. Horner, pers. com. 2015). 









Table A.11. Data plotted in Figure 3.5, Figure 3.14, Figure 3.18 and Figure 6.2. 
Depth 
(cm) 
Ba/Ca ± 2σ 
(µmol/mol) 
Mg/Ca ± 2σ 
(mmol/mol) 
Sr/Ca ± 2σ 
(mmol/mol) 
Temperature ± 
2σ (º C) 
δ18O ± 2σ 
(‰) 
δ13C ± 2σ 
(‰) 
Sediment core BC387-2, M. barleeanus 




2.5 3.88 ± 0.16      












7.5 3.56 ± 0.16 0.92 ± 0.03 1.25 ± 0.04 2.48 ± 0.32   




9.5  0.86 ± 0.07  1.98 ± 0.94   




12.5  0.90 ± 0.05  2.29 ± 0.63   




14.5 3.46 ± 0.14 0.83 ± 0.03 1.25 ± 0.03 1.71 ± 0.40   
16.5 3.04 ± 0.14 0.82 ± 0.05 1.24 ± 0.07 1.61 ± 0.71   
16.5 3.81 ± 0.14 0.81 ± 0.03 1.26 ± 0.03 1.51 ± 0.47   








22.5 3.52 ± 0.47 0.99 ± 0.11 1.28 ± 0.17    




24.5 3.21 ± 0.12 0.90 ± 0.07 1.24 ± 0.04 2.32 ± 0.88   








Ba/Ca ± 2σ 
(µmol/mol) 
Mg/Ca ± 2σ 
(mmol/mol) 
Sr/Ca ± 2σ 
(mmol/mol) 
Temperature ± 
2σ (º C) 
δ18O ± 2σ 
(‰) 
δ13C ± 2σ 
(‰) 
Sediment core BC387-2, O. umbonatus 
0.5 1.91 ± 0.07 1.45 ± 0.04 1.00 ± 0.02 3.01 ± 0.23 a or 
2.02 ± 0.32 b 
  




2.5 1.86 ± 0.10 1.38 ± 0.05 1.00 ± 0.03 2.55 ± 0.31 a or 
1.41 ± 0.42 b 
  




4.5 1.84 ± 0.05 1.32 ± 0.04 0.99 ± 0.01 2.17 ± 0.28 a or 









8.5 2.15 ± 0.20 1.47 ± 0.12 0.99 ± 0.10 3.11 ± 0.72 a or 





8.5 1.88 ± 0.18 1.45 ± 0.11 0.99 ± 0.04 2.99 ± 0.62 a or 
1.99 ± 0.89 b 
  




12.5 1.87 ± 0.09 1.58 ± 0.07 0.99 ± 0.03 3.77 ± 0.39 a or 
3.12 ± 0.60 b 
  




16.5 1.90 ± 0.06 1.38 ± 0.05 0.99 ± 0.01 2.57 ± 0.32 a or 
1.43 ± 0.44 b 
  
16.5 2.01 ± 0.18 1.39 ± 0.08 0.96 ± 0.05 2.65 ± 0.47 a or 
1.53 ± 0.64 b 
  




20.5 1.88 ± 0.14 1.38 ± 0.06 1.01 ± 0.03 2.59 ± 0.36 a or 





22.5  1.43 ± 0.09 1.02 ± 0.07 2.85 ± 0.55 a or 







Ba/Ca ± 2σ 
(µmol/mol) 
Mg/Ca ± 2σ 
(mmol/mol) 
Sr/Ca ± 2σ 
(mmol/mol) 
Temperature ± 
2σ (º C) 
δ18O ± 2σ 
(‰) 
δ13C ± 2σ 
(‰) 




Sediment core BC387-2, U. peregrina 
0.5  0.99 ± 0.05 1.03 ± 0.03 1.82 ± 0.70 c or 
1.22 ± 0.77 d 
  












5.5 2.32 ± 0.13 1.01 ± 0.04 1.06 ± 0.03 2.17 ± 0.54 c or 





6.5  0.97 ± 0.03 1.02 ± 0.02 1.60 ± 0.39 c or 
0.98 ± 0.42 d 
  
7.5 2.46 ± 0.09 1.09 ± 0.02 1.05 ± 0.04 3.30 ± 0.28 c or 
2.83 ± 0.31 d 
  




9.5 2.37 ± 0.13 1.04 ± 0.09 1.05 ± 0.05 2.56 ± 1.26 c or 
2.03 ± 1.37 d 
  
10.5  1.03 ± 0.07 1.09 ± 0.07 2.44 ± 1.04 c or 
1.89 ± 1.14 d 
  
11.5 2.45 ± 0.11 1.04 ± 0.04 1.07 ± 0.03 2.55 ± 0.50 c or 









15.5 2.42 ± 0.08 1.13 ± 0.05 1.06 ± 0.02 3.75 ± 0.69 c or 
3.32 ± 0.75 d 
  
17.5 2.49 ± 0.14 0.93 ± 0.04 1.03 ± 0.03 0.97 ± 0.56 c or 





18.5 2.53 ± 0.14 1.09 ± 0.05 1.05 ± 0.06 3.30 ± 0.64 c or 







Ba/Ca ± 2σ 
(µmol/mol) 
Mg/Ca ± 2σ 
(mmol/mol) 
Sr/Ca ± 2σ 
(mmol/mol) 
Temperature ± 
2σ (º C) 
δ18O ± 2σ 
(‰) 
δ13C ± 2σ 
(‰) 




23.5 2.40 ± 0.10 1.05 ± 0.04 1.03 ± 0.04 2.61 ± 0.58 c or 





Sediment core BC387-2, XRF ratios (normalised) e 
Depth (cm) Fe/Al Cu/Al S/Al Ca/Al Si/Al Ba/Al 
1.5 2.40 3.29 –0.65 –1.46 –0.74 0.53 
2.5 1.98 1.71 0.03 –1.80 –2.08 2.01 
3.5 0.05 1.34 0.62 –1.22 –1.76 –0.12 
4.5 –0.82 –0.11 0.11 0.08 –0.18 –0.88 
5.5 –0.73 0.33 0.41 –0.18 –0.90 –0.98 
6.5 –0.83 0.25 –0.11 –0.62 –0.03 0.12 
7.5 –0.89 –0.39 –0.20 –0.35 0.29 –0.89 
8.5 –0.76 –0.12 –1.25 –0.21 0.95 –0.91 
9.5 –0.80 –0.79 –1.07 –0.62 0.96 –0.89 
10.5 –0.58 –0.74 –0.64 0.19 1.02 –1.19 
11.5 –0.86 –1.10 –0.76 –0.29 1.20 –1.05 
12.5 –0.52 –0.61 –0.87 –1.24 0.80 –1.30 
13.5 –0.52 –0.55 –0.71 –0.71 0.93 –0.21 
14.5 –1.13 –0.83 –1.07 0.71 1.15 –0.73 
15.5 –0.39 –0.51 –1.20 0.11 1.12 –0.14 
16.5 –0.34 0.47 –0.20 –0.21 –0.32 0.63 
17.5 –0.19 0.19 –0.04 0.28 0.57 0.12 
18.5 0.18 –0.65 0.39 0.96 0.22 1.16 
19.5 0.41 –0.28 0.75 1.62 –0.14 0.85 
20.5 0.67 –0.33 1.35 1.00 –0.57 1.46 
21.5 1.15 0.19 1.90 0.73 –1.03 2.00 
22.5 1.15 0.30 0.59 2.34 0.20 0.32 
23.5 1.38 –1.05 2.61 0.89 –1.65 0.10 
Sediment core BC387-2, XRF ratios (not normalised) e 
1.5 12.92 0.16 1.04 17.74 3.77 0.32 
2.5 12.56 0.14 1.08 17.32 3.31 0.35 
3.5 10.94 0.13 1.11 18.05 3.42 0.30 




Depth (cm) Fe/Al Cu/Al S/Al Ca/Al Si/Al Ba/Al 
5.5 10.28 0.12 1.10 19.33 3.71 0.28 
6.5 10.20 0.12 1.07 18.78 4.01 0.31 
7.5 10.14 0.11 1.06 19.13 4.12 0.28 
8.5 10.26 0.11 1.00 19.30 4.34 0.28 
9.5 10.23 0.10 1.01 18.79 4.34 0.28 
10.5 10.41 0.10 1.04 19.80 4.37 0.28 
11.5 10.17 0.10 1.03 19.19 4.43 0.28 
12.5 10.46 0.10 1.03 18.02 4.29 0.27 
13.5 10.46 0.11 1.03 18.67 4.33 0.30 
14.5 9.94 0.10 1.01 20.43 4.41 0.29 
15.5 10.57 0.11 1.01 19.69 4.40 0.30 
16.5 10.61 0.12 1.06 19.30 3.91 0.32 
17.5 10.74 0.12 1.07 19.91 4.21 0.31 
18.5 11.05 0.10 1.10 20.75 4.09 0.33 
19.5 11.24 0.11 1.12 21.56 3.97 0.33 
20.5 11.46 0.11 1.15 20.80 3.82 0.34 
21.5 11.87 0.12 1.19 20.46 3.66 0.35 
22.5 11.86 0.12 1.11 22.46 4.08 0.31 
23.5 12.05 0.10 1.23 20.66 3.46 0.31 
Sediment core BC387-2, M. barleeanus Mn/Ca ± 2σ (µmol/mol) in Figure 6.2. 
Depth (cm) Mn/Ca  Depth (cm) Mn/Ca Depth (cm) Mn/Ca 
1.5 2.23 ± 0.61  9.5 2.57 ± 0.33 16.5 2.51 ± 0.41 
2.5 1.82 ± 0.56  12.5 2.29 ± 0.13 16.5 2.38 ± 0.46 
4.5 1.92 ± 0.12  14.5 2.01 ± 0.23 22.5 2.33 ± 0.34 
7.5 2.00 ± 0.49  14.5 1.80 ± 0.28 24.5 2.01 ± 0.33 
7.5 2.11 ± 0.60  16.5 2.04 ± 0.23 24.5 1.84 ± 0.65 
σ = internal precision. Depths are mid-points (± 0.5 cm). M. barleeanus temperatures were 
calculated from Mg/Ca using the equation of Kristjánsdóttir et al. 2007. O. umbonatus temperatures 
were calculated from Mg/Ca using either: a) the exponential equation of Lear et al. 2015; or b) the 
linear equation of Lear et al. 2015. U. peregrina temperatures were calculated from Mg/Ca using 
either: c) the equation of Bryan & Marchitto 2008; or d) the equation of Elderfield et al. 2006. 
e) XRF data normalisation was achieved per dataset by first subtracting the mean and then dividing 






Table A.12. Data plotted in Figure 3.6. 
 No DTPA a DTPA b 
Sediment core BC387-2, O. umbonatus 
Ba/Ca ± 2σ (µmol/mol) 2.06 ± 0.01 2.21 ± 0.03, 2.21 ± 0.06 
Mg/Ca ± 2σ (mmol/mol) 1.35 ± 0.002 1.38 ± 0.01, 1.42 ± 0.02 
Sr/Ca ± 2σ (mmol/mol) 1.01 ± 0.01 0.99 ± 0.02, 0.99 ± 0.01 
Sediment core BC387-2, U. peregrina 
Ba/Ca ± 2σ (µmol/mol) 2.69 ± 0.02, 2.55 ± 0.13 2.56 ± 0.17 
Mg/Ca ± 2σ (mmol/mol) 1.06 ± 0.09, 1.19 ± 0.07 1.03 ± 0.07 
Sr/Ca ± 2σ (mmol/mol) 1.06 ± 0.07, 1.06 ± 0.07 1.09 ± 0.07 
a) Cleaned using the full procedure including a DTPA step for barite removal. 
b) The DTPA step was omitted during cleaning. 




Table A.13. Trace metal data plotted in Figure 4.5, Figure 4.8 and Figure 6.2 (see Table A.14 for 
other data in these figures). 
Depth (cm) Ba/Ca ± 2σ 
(µmol/mol) 
Mg/Ca ± 2σ 
(mmol/mol) 
Sr/Ca ± 2σ 
(mmol/mol) 
Mn/Ca ± 2σ 
(µmol/mol) 
Sediment core GC528, M. barleeanus 
4.5 3.33 ± 0.07 0.81 ± 0.02 1.23 ± 0.02 1.84 ± 0.28 
8.5 3.38 ± 0.15 0.85 ± 0.05 1.25 ± 0.06 1.75 ± 0.12 
16.5 5.17 ± 0.27 0.92 ± 0.04 1.24 ± 0.04 2.85 ± 0.25 
24.5 3.54 ± 0.20 0.86 ± 0.03 1.26 ± 0.03 4.01 ± 0.24 
28.5 3.51 ± 0.30 0.86 ± 0.04 1.23 ± 0.05 4.12 ± 0.26 
32.5 3.75 ± 0.18 0.88 ± 0.03 1.24 ± 0.04 3.66 ± 0.33 
36.5 3.66 ± 0.27 0.91 ± 0.05 1.28 ± 0.08 4.72 ± 0.35 
38.5 3.60 ± 0.13 0.93 ± 0.03 1.24 ± 0.03 3.86 ± 0.29 
41.5 3.60 ± 0.21 0.88 ± 0.05 1.25 ± 0.08 4.46 ± 0.27 
44.5 3.78 ± 0.31 0.93 ± 0.05 1.25 ± 0.08 5.98 ± 0.62 
46.5 3.64 ± 0.09 0.89 ± 0.04 1.25 ± 0.04 4.49 ± 0.58 
48.5 3.61 ± 0.11 0.84 ± 0.02 1.22 ± 0.02 5.12 ± 0.29 
52.5 3.81 ± 0.12 0.87 ± 0.02 1.27 ± 0.03 3.05 ± 0.24 
54.5 3.35 ± 0.21 0.87 ± 0.05 1.25 ± 0.06 2.19 ± 0.20 




Depth (cm) Ba/Ca ± 2σ 
(µmol/mol) 
Mg/Ca ± 2σ 
(mmol/mol) 
Sr/Ca ± 2σ 
(mmol/mol) 
Mn/Ca ± 2σ 
(µmol/mol) 
58.5 3.33 ± 0.14 0.90 ± 0.01 1.25 ± 0.02 3.92 ± 0.29 
62.5 3.66 ± 0.29 1.01 ± 0.04 1.27 ± 0.04 4.10 ± 0.57 
Sediment core GC642, M. barleeanus 
22.5 4.10 ± 0.19 1.19 ± 0.02 1.26 ± 0.01 32.12 ± 1.40 
26.5 4.04 ± 0.17 1.18 ± 0.03 1.27 ± 0.03 24.29 ± 1.26 
28.5 4.17 ± 0.28 1.19 ± 0.04 1.27 ± 0.02 27.70 ± 1.35 
30.5 4.04 ± 0.11 1.23 ± 0.03 1.30 ± 0.08 26.86 ± 2.48 
32.5 4.19 ± 0.21 1.16 ± 0.06 1.25 ± 0.03 25.81 ± 1.74 
38.5 3.62 ± 0.21 1.09 ± 0.02 1.26 ± 0.04 22.15 ± 1.13 




Table A.14. Calculated data plotted in Figure 4.5, Figure 4.8 and Figure 6.2 (see Table A.13 for 
other data in these figures). 
Depth (cm) Temperature ± 2σ (ºC) Seawater [Ba] ± 2σ 
(nM) 
Seawater alkalinity ± 
2σ (µequiv/kg) 
Sediment core GC528, M. barleeanus 
4.5 1.48 ± 0.31 81.76 ± 1.75 a or 62.44 
± 1.33 b 
2379.70 ± 2.53 c or 
2351.70 ± 1.93 d 
8.5 1.83 ± 0.69 82.87 ± 3.63 a or 63.28 
± 2.77 b 
2381.30 ± 5.27 c or 
2352.90 ± 4.02 d 
16.5 2.46 ± 0.45 126.89 ± 6.70 a or 
96.89 ± 5.11 b 
2445.10 ± 9.70 c or 
2401.60 ± 7.41 d 
24.5 1.98 ± 0.33 86.72 ± 4.96 a or 66.22 
± 3.79 b 
2386.90 ± 7.19 c or 
2357.20 ± 5.49 d 
28.5 1.92 ± 0.46 85.98 ± 7.37 a or 65.66 
± 5.63 b 
2385.80 ± 10.68 c or 
2356.30 ± 8.16 d 
32.5 2.16 ± 0.43 92.06 ± 4.53 a or 70.30 
± 3.46 b 
2394.60 ± 6.56 c or 
2363.10 ± 5.01 d 
36.5 2.37 ± 0.60 89.71 ± 6.58 a or 68.50 
± 5.03 b 
2391.20 ± 9.54 c or 
2360.50 ± 7.28 d 
38.5 2.53 ± 0.35 88.21 ± 3.16 a or 67.36 
± 2.41 b 
2389.00 ± 4.58 c or 




Depth (cm) Temperature ± 2σ (ºC) Seawater [Ba] ± 2σ 
(nM) 
Seawater alkalinity ± 
2σ (µequiv/kg) 
41.5 2.10 ± 0.61 88.19 ± 5.15 a or 67.34 
± 3.93 b 
2389.00 ± 7.46 c or 
2358.80 ± 5.70 d 
44.5 2.49 ± 0.64 92.63 ± 7.70 a or 70.73 
± 5.88 b 
2395.40 ± 11.16 c or 
2363.70 ± 8.52 d 
46.5 2.22 ± 0.44 89.29 ± 2.21 a or 68.19 
± 1.69 b 
2390.60 ± 3.21 c or 
2360.00 ± 2.45 d 
48.5 1.76 ± 0.21 88.58 ± 2.79 a or 67.64 
± 2.13 b 
2389.60 ± 4.04 c or 
2359.20 ± 3.09 d 
52.5 2.05 ± 0.28 93.31 ± 2.85 a or 71.26 
± 2.18 b 
2396.40 ± 4.13 c or 
2364.50 ± 3.15 d 
54.5 2.05 ± 0.64 82.06 ± 5.08 a or 62.66 
± 3.88 b 
2380.10 ± 7.36 c or 
2352.00 ± 5.62 d 
56.5 2.64 ± 0.75 83.77 ± 6.33 a or 63.97 
± 4.84 b 
2382.60 ± 9.18 c or 
2353.90 ± 7.01 d 
58.5 2.28 ± 0.16 81.62 ± 3.43 a or 62.32 
± 2.62 b 
2379.50 ± 4.97 c or 
2351.50 ± 3.80 d 
62.5 3.13 ± 0.46 89.81 ± 7.11 a or 68.58 
± 5.43 b 
2391.30 ± 10.31 c or 
2360.60 ± 7.87 d 
Sediment core GC642, M. barleeanus 
22.5 4.30 ± 0.22 100.52 ± 4.56 a or 
76.76 ± 3.48 b 
2406.90 ± 6.60 c or 
2372.40 ± 5.04 d 
26.5 4.25 ± 0.25 99.08 ± 4.06 a or 75.66 
± 3.10 b 
2404.80 ± 5.88 c or 
2370.80 ± 4.49 d 
28.5 4.33 ± 0.35 102.29 ± 6.93 a or 
78.11 ± 5.29 b 
2409.40 ± 10.04 c or 
2374.40 ± 7.66 d 
30.5 4.57 ± 0.29 99.08 ± 2.70 a or 75.66 
± 2.06 b 
2404.80 ± 3.92 c or 
2370.80 ± 2.99 d 
32.5 4.15 ± 0.55 102.71 ± 5.25 a or 
78.43 ± 4.01 b 
2410.00 ± 7.60 c or 
2374.80 ± 5.81 d 
38.5 3.66 ± 0.22 88.87 ± 5.22 a or 67.87 
± 3.99 b 
2390.00 ± 7.57 c or 
2359.50 ± 5.78 d 
σ = internal precision. Depths are mid-points (± 0.5 cm). Temperatures calculated from the Mg/Ca 
ratios in Table A.12 (Kristjánsdóttir et al. 2007). a) Calculated using DBa = 0.42; b) Calculated 













3150.10 171.30 5.44 Consistency STD 
10905.90 373.50 3.42 42.5 cm (GC528) 
13180.90 185.70 1.41 18.5 cm (GC642) 
10850.30 494.60 4.56 38.5 cm (GC528) 
10978.30 53.70 0.49 46.5 cm (GC528) 
9167.20 120.00 1.31 32.5 cm (GC528) 
12094.90 247.40 2.05 28.5 cm (GC642) 
10121.40 69.10 0.68 4.5 cm (GC528) 
11010.70 180.90 1.64 38.5 cm (GC642) 
10614.70 217.00 2.04 24.5 cm (GC528) 
10627.80 318.80 3.00 48.5 cm (GC528) 
3149.20 86.20 2.74 Consistency STD 
12068.00 239.50 1.98 22.5 cm (GC642) 
14948.70 178.40 1.19 16.5 cm (GC528) 
11132.20 185.40 1.67 40.5 cm (GC642) 
12681.90 396.90 3.13 52.5 cm (GC528) 
11710.90 228.20 1.95 62.5 cm (GC528) 
Standards 
10544.30 294.00 2.79 
10332.90 169.70 1.64 
10280.90 10.60 0.10 
10372.70 22.60 0.22 
10075.00 38.60 0.38 
10182.60 177.70 1.75 
9902.60 385.70 3.89 
10245.70 50.10 0.49 
10092.70 228.90 2.27 
10165.00 185.80 1.83 
10066.80 329.80 3.28 
10166.80 171.40 1.69 









Relative standard deviation (%) 
10330.10 201.50 1.95 
10140.00 230.50 2.27 
10018.50 160.10 1.60 
10101.00 316.10 3.13 
Blanks 
172.20 18.20 10.57 
212.00 68.20 32.17 
192.60 10.50 5.45 
184.30 28.00 15.19 
195.40 16.30 8.34 
176.90 1.60 0.90 
148.10 29.70 20.05 
156.50 36.90 23.58 
188.90 38.60 20.43 
199.10 35.70 17.93 
192.60 25.20 13.08 
179.60 33.50 18.65 
165.70 41.60 25.11 
162.00 22.30 13.77 
151.90 15.80 10.40 
200.00 12.70 6.35 
167.60 29.40 17.54 
Measurements related to the sample at ~2.3 ka in Figure 4.5 and Figure 4.8 are highlighted in grey. 
Consistency STD = consistency standard. Sample depths are mid-points (± 0.5 cm). 
 
 
Table A.16. Data plotted in Figure 5.5, Figure 5.6, Figure 5.7, Figure 5.8, Figure 5.9 and Figure 
5.10. 
Depth (m) δ138Ba ± 2σ (‰) [Ba] (nM) 1/[Ba] (nM–1) [Si] (µM) [Si]/[Ba] 
(µM/nM) 
CTD002 
4512 0.43 ± 0.04 84.61 1.18 x 10–2 49.71 0.59 
4299 0.31 ± 0.04 75.62 1.32 x 10–2 46.75 0.62 




Depth (m) δ138Ba ± 2SE (‰) [Ba] (nM) 1/[Ba] (nM–1) [Si] (µM) [Si]/[Ba] 
(µM/nM) 
2800 0.39 ± 0.04 68.06 1.47 x 10–2 33.92 0.50 
2002 0.42 ± 0.04 60.24 1.66 x 10–2 24.90 0.41 
1502 0.41 ± 0.03 56.16 1.78 x 10–2 22.30 0.40 
1005 0.43 ± 0.03 57.49 1.74 x 10–2 26.87 0.47 
705 0.49 ± 0.04 49.75 2.01 x 10–2 25.01 0.50 
405 0.56 ± 0.04 42.88 2.33 x 10–2 15.75 0.37 
55 0.57 ± 0.07 37.00 2.70 x 10–2 4.78 0.13 
11 0.57 ± 0.04 37.90 2.64 x 10–2 0.93 0.02 
CTD005 
5143 0.32 ± 0.04 84.90 1.18 x 10–2 65.76 0.77 
4798 0.30 ± 0.04 80.85 1.24 x 10–2 63.96 0.79 
3799 0.32 ± 0.04 68.89 1.45 x 10–2 40.55 0.59 
2800 0.38 ± 0.03 66.68 1.50 x 10–2 33.21 0.50 
2002 0.45 ± 0.04 54.82 1.82 x 10–2 19.70 0.36 
1503 0.49 ± 0.04 53.11 1.88 x 10–2 16.26 0.31 
1204 0.40 ± 0.04 52.78 1.89 x 10–2 22.84 0.43 
805 0.41 ± 0.03 54.44 1.84 x 10–2 26.13 0.48 
606 0.51 ± 0.03 49.06 2.04 x 10–2 19.48 0.40 
407 0.52 ± 0.04 46.11 2.17 x 10–2 16.12 0.35 
76 0.54 ± 0.06 38.93 2.57 x 10–2 4.64 0.12 
12 0.46 ± 0.04 45.66 2.19 x 10–2 2.69 0.06 
CTD006 
4168 0.34 ± 0.03 72.93 1.37 x 10–2 45.15 0.62 
3798 0.33 ± 0.03 72.15 1.39 x 10–2 43.30 0.60 
2800 0.38 ± 0.03 68.07 1.47 x 10–2 35.19 0.52 
2002 0.46 ± 0.03 56.66 1.76 x 10–2 21.31 0.38 
1503 0.50 ± 0.03 52.79 1.89 x 10–2 17.91 0.34 
1203 0.46 ± 0.03 54.13 1.85 x 10–2 21.79 0.40 
1004 0.47 ± 0.03 55.23 1.81 x 10–2 25.45 0.46 
804 0.46 ± 0.03 54.48 1.84 x 10–2 25.08 0.46 
505 0.52 ± 0.04 48.66 2.06 x 10–2 17.96 0.37 
205 0.61 ± 0.04 38.53 2.60 x 10–2 5.07 0.13 
95 0.56 ± 0.03 39.77 2.51 x 10–2 1.15 0.03 




Table A.17. Data plotted in Figure 5.5, Figure 5.7 and Figure 5.10, as well as [PO4] and N*. 
Depth (m) [NO3–] (µM) [PO4] (µM) N* (µM) Si* (µM) Ba* (nM) TA (µmol/kg) 
CTD002  
4512 22.67 1.38 0.59 27.04 11.20 2336.45 
4299 22.21 1.23 2.45 24.54 4.22 2328.04 
3600 21.94 1.36 0.08 20.54 5.85 2340.26 
2800 21.28 1.32 0.15 12.64 5.44 2319.86 
2002 21.38 1.40 –1.04 3.52 3.79 2310.72 
1502 23.83 1.47 0.48 –1.53 1.49 2309.10 
1005 32.11 2.00 0.16 –5.23 –0.31 2310.23 
705 36.15 2.28 –0.31 –11.14 –6.77 2308.01 
405 35.04 2.01 2.87 –19.30 –7.31 2308.49 
55 16.13 1.01 –0.44 –11.36 –5.69 2343.49 
11 0.00 0.01 –0.15 0.93 –2.15 2308.39 
CTD005 
5143 24.55 1.70 –2.71 41.22 0.50 2339.93 
4798 23.99 1.67 –2.67 39.97 –2.32 2340.09 
3799 20.70 1.41 –1.90 19.85 1.74 2320.06 
2800 20.63 1.39 –1.68 12.58 4.55 2330.70 
2002 19.19 1.29 –1.43 0.50 1.93 2320.54 
1503 20.13 1.33 –1.19 –3.87 2.57 2303.67 
1204 27.25 1.85 –2.31 –4.40 –2.26 2296.97 
805 33.57 2.27 –2.80 –7.44 –2.85 2305.35 
606 31.47 2.12 –2.41 –12.00 –3.68 2297.20 
407 30.45 1.95 –0.81 –14.33 –4.34 2372.76 
76 14.01 0.82 0.83 –9.37 –3.67 2284.77 
12 0.00 0.02 –0.31 2.69 4.40 2339.93 
CTD006 
4168 21.48 1.48 –2.19 23.67 2.63 2335.92 
3798 21.46 1.47 –2.04 21.83 3.12 2353.21 
2800 20.74 1.41 –1.80 14.45 4.59 2350.94 
2002 19.53 1.30 –1.35 1.79 2.67 2318.93 
1503 21.57 1.45 –1.56 –3.66 1.12 2322.81 
1203 26.28 1.78 –2.24 –4.48 –0.20 2317.30 





Depth (m) [NO3–] (µM) [PO4] (µM) N* (µM) Si* (µM) Ba* (nM) TA (µmol/kg) 
804 32.76 2.21 –2.66 –7.68 –2.09 2311.03 
505 29.94 2.02 –2.32 –11.98 –3.05 2311.79 
205 16.32 0.97 0.77 –11.24 –4.36 2368.47 
95 0.49 0.04 –0.32 0.66 –0.43 2416.95 
16 0.00 0.02 –0.31 1.26 1.86 2360.70 




Table A.18. Data plotted in Figure 5.12, Figure 5.14, Figure 5.15 and Figure 5.24. 
Sample Ba/Ca ± 2σ 
(µmol/mol) 
δ138Ba ± 2σ (‰) δ18O ± 2σ (‰) δ13C ± 2σ (‰) 
S0157a, M 0.63 0.23 ± 0.05   
S0157a, O   0.01 ± 0.07 1.70 ± 0.06 
S0157a, C   –0.02 ± 0.11 1.47 ± 0.06 
S0157b, M 0.78 0.48 ± 0.05   
S0157b, O   –0.35 ± 0.06 1.90 ± 0.04 
S0157b, C   –1.24 ± 0.10 1.21 ± 0.04 
S0059, M 0.77 0.14 ± 0.04   
S0059, O   –0.88 ± 0.10 2.44 ± 0.08 
S0059, C   –0.95 ± 0.15 1.68 ± 0.06 
S0177, M 0.53 0.29 ± 0.06   
S0177, O   –1.16 ± 0.05 3.20 ± 0.02 
S0177, C   –1.46 ± 0.08 1.78 ± 0.04 
S0066, M 0.41 0.10 ± 0.06   
S0066, O   –1.26 ± 0.06 2.71 ± 0.05 
S0066, C   –1.15 ± 0.10 1.81 ± 0.04 
S0131, M 0.46 0.14 ± 0.05   
S0131, O   –1.37 ± 0.05 2.73 ± 0.05 
S0131, C   –1.47 ± 0.05 1.73 ± 0.03 
C = ‘clear’, thinner-shelled O. universa; ‘O’ = ‘opaque’, thicker-shelled O. universa; 
M = a mixture of the two types. Sample S0157a is from size fraction 355 – 425 µm; all others are > 
425 µm. σ = internal precision. 
 
